MEGLECTED

TROPICAL DISEASES

CrossMark

click for ypdstes

OPEN ACCESS

Citation: Bowman LR, Donegan S, McCall PJ (2016)
Is Dengue Vector Control Deficient in Effectiveness or
Evidence?: Systematic Review and Meta-analysis.
PLoS Neg! Trop Dis 10(3): 0004551, doi:10.1371/
journal.pntd.0004551

Editor: Anthony A. James, University of California,
Irvine, UNITED STATES

Received: December 31, 2015
Accepted: February 24, 2016
Published: March 17, 2016

Copyright: © 2016 Bowman et al. This is an open
access article distributed under the terms of the
{reative Commons Attribulion License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: The article is a
systematic review/ meta-analysis. Hence data are all
available from the original publications.

Funding: The study was funded by EU grant FP7-

publication are the sole responsibility of the authors
and do not necessarily reflect the views of the
European Commission. The funders had no role in
study design, data collecticn and analysis, decision fo
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Is Dengue Vector Control Deficient in
Effectiveness or Evidence?: Systematic
Review and Meta-analysis

Leigh R. Bowman', Sarah Donegan®, Philip J. McCall'*

1 Department of Vector Biology, Liverpool School of Tropical Medicine, Liverpoal, United Kingdom,
2 Department of Biostatistics, University of Liverpool, Liverpool, United Kingdom

* Prilin MeCal 2LETMed anuk

Abstract

Background

Although a vaccine could be available as early as 2016, vector control remains the primary
approach used to prevent dengue, the most common and widespread arbovirus of humans
worldwide. We reviewed the evidence for effectiveness of vector control methods in reduc-
ing its transmission.

Methodology/Principal Findings

Studies of any design published since 1980 were included if they evaluated method(s) tar-
geting Aedes aegypti or Ae. albopictus for at least 3 months. Primary outcome was dengue
incidence. Following Cochrane and PRISMA Group guidelines, database searches yielded
960 reports, and 41 were eligible for inclusion, with 19 providing data for meta-analysis.
Study duration ranged from 5 months to 10 years. Studies evaluating multiple tools/
approaches (23 records) were more common than single methods, while environmental
management was the most common method (19 studies). Only 9/41 reports were random-
ized controlled trials (RCTs). Two out of 19 studies evaluating dengue incidence were
RCTs, and neither reported any statistically significant impact. No RCTs evaluated effec-
tiveness of insecticide space-spraying (fogging) against dengue. Based on meta-analyses,
house screening significantly reduced dengue risk, OR 0.22 (95% CI 0.05-0.93, p = 0.04),
as did combining community-based environmental management and water container cov-
ers, OR 0.22 (95% Cl 0.15-0.32, p<0.0001). Indoor residual spraying (IRS) did not impact
significantly on infection risk (OR 0.87; 95% CI 0.22-2.11; p = 0.50). Skin repellents insecti-
cide-treated bed nets or traps had no effect (p>0.5), but insecticide aerosols (OR 2.03; 95%
Cl 1.44-2.86) and mosquito coils (OR 1.44; 95% CI 1.09-1.91) were associated with higher
dengue risk (p = 0.01). Although 23/41 studies examined the impact of insecticide-based
tools, only 9 evaluated the insecticide susceptibility status of the target vector population
during the study.
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Conclusions/Significance

This review and meta-analysis demonstrate the remarkable paucity of reliable evidence for
the effectiveness of any dengue vector control method. Standardised studies of higher qual-
ity to evaluate and compare methods must be prioritised to optimise cost-effective dengue
prevention.

Author Summary

Dengue fever has increased dramatically over the past 50 years and today is the most wide-
spread mosquito-borne arboviral disease, affecting nearly half the world’s population in
128 countries. Until the arrival of a vaccine, control of its Aedes vectors has been the only
method to prevent dengue infection. With dengue outbreaks occurring at increasing fre-
quency and intensity, we undertook a systematic review and meta-analysis of the litera-
ture, to evaluate the evidence for effectiveness of vector control strategies currently
available. Forty-one studies (from 5 months to 10 years duration) were included in the
review. Most studies investigated combinations of approaches but only 9 studies were ran-
domized controlled trials (RCTs). Remarkably, no RCTs evaluated effectiveness against
dengue of insecticide space-spraying (outdoor fogging), the main response to dengue out-
breaks used worldwide. Nevertheless, there was limited evidence indicating that house
screening and to a lesser extent, community-based environmental management with
water container covers could reduce risk of dengue infection. However, skin repellents,
bed nets and mosquito traps had no effect while insecticide aerosols and mosquito coils
were associated with higher dengue risk. However, the quality of the few studies eligible
for inclusion was poor overall, and the evidence base is very weak, compromising the
knowledge base for making recommendations on delivery of appropriate and effective
control. Given this paucity of reliable evidence, standardised studies of higher quality must
now be a priority.

Introduction

Dengue is a viral infection transmitted between humans by Aedes mosquitoes. With an esti-
mated 390 million dengue infections occurring every year, and almost half the world’s popula-
tion exposed to infection with dengue viruses, it is the most widespread mosquito-borne

gue over the past 50 years can be attributed to a number of factors, ranging from increased
urbanization, in-country and international population movement, erratic water supplies and
ineffective or unsustainable vector control [4, 3]. The human and economic cost of frequent

to many of the international mass-gatherings that are a feature the modern era, such as the
FIFA World Cup and the Olympics, or religious gatherings like the Hajj, although their contri-
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Dengue viruses are transmitted primarily by Aedes aegypti, a cosmotropical mosquito that
thrives in urban environments. It is highly anthropophilic and breeds in small bodies of fresh
water, most commonly in the numerous containers found around the home, ranging from
water storage drums and overhead tanks to bottles, buckets and discarded waste items [4].

Between blood feeding and oviposition, adult female mosquitoes rest within or close to human

Control of dengue vectors can be directed against the immature aquatic stages (larvae and
pupae) or the adult mosquitoes, with a number of methods available for each approach.
the vector directly (i.e. aim to kill mosquitoes using insecticides or natural enemies or prevent
them from biting using repellents) or indirectly (e.g. environmental modification or sanitation
improvements that reduce potential larval development sites, or house improvements that pre-
vent mosquito entry). Some approaches require skilled staff and/or dedicated resources (e.g.
specialised spraying equipment, insecticides, transport) in order to be delivered effectively in a
vertical approach. For others, affected communities, empowered through education and advo-
cacy, can mobilize and mount effective control operations relatively independently via horizon-
tal or community-based efforts. Hence, space-spraying and larviciding require trained
personnel to deliver potentially toxic insecticides using specialized equipment and are depen-
dent on vertical municipality-driven programs. In contrast, reductions in potential larval devel-
opment sites can be achieved with householders and communities taking responsibility,

In dengue-affected communities worldwide, immature vector populations are targeted
through the reduction or elimination of potential larval development sites, typically by collec-
tion of purposeless or discarded containers in ‘clean-up’ or environmental management cam-
paigns; functional or useful sites are either covered (water storage containers), drained (gutters
or channels) or treated with an appropriate insecticide (usually referred to as ‘larviciding’) or
biological control agent (predatory copepods or fish). Identification of, and targeted action
towards, ‘productive’ container types (i.e. those that are assessed as contributing the greatest
burden of pupae, relative to other containers in the area) can potentially enable more cost-
effective larval control [25,27].

The typical response to dengue outbreaks is to target the adult mosquito population by
space-spraying or fogging with insecticide, delivered outside or inside the home, with the aim
of severely reducing the vector population at the time of delivery. This method is not designed
to deliver persistent insecticide residues on treated surfaces and if the outbreak continues, it

all vector control methods and concluded that integrated vector control was the most effective,
while environmental management had minimal impact. Notably, the evidence for impact of
outdoor space spraying was limited, though only 1 of the studies included was less than 30
spraying and concluded that there was no evidence to support its use in dengue outbreak con-
trol, either as a standalone intervention or in combination with other interventions. Horstick
logical indices and identified specific weaknesses in funding, management, staffing and com-
munity engagement, all of which conspired to lower operational standards and ultimately
restrict any likelihood of success. Recent reviews have examined the evidence for the effective-
ness of individual methods, including copepods, fish and temephos [32-34].
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Today, dengue outbreaks occur at an increasing frequency and intensity in affected commu-
nities worldwide and the need for evidence-based selection of the most appropriate interven-
tions has never been greater. What are the best currently available dengue vector control tools,
as measured by their impact on dengue infections, and not simply on vector populations? Are
previous dengue control failures the result of low operational and management strategies, or
are the available tools simply not effective? What evidence exists to provide a basis for evaluat-
ing dengue vector control today? To answer these questions and to provide guidance on the
most effective strategies currently available to combat dengue, we report here on a systematic

review and meta-analysis of the evidence.

Methods
Objectives

To systematically review randomized and non-randomized studies to evaluate the evidence of
the effectiveness of vector control interventions in reducing a) Aedes sp. vector indices and b)
human DENV infection and/or disease. The original search was conducted in April 2012 and

updated in December 2013 and on 10" January 2015.

Eligibility criteria

tion of 3 months were included (regardless of the frequency of treatments undertaken within
that period), as this was considered the minimum period required to demonstrate a sustained
impact on the vector population and/or impact on dengue transmission. In addition, only stud-
ies published since 1980 were considered eligible for inclusion, for a number of reasons. The
period after 1980 saw the expansion in urban populations worldwide, notably in the less devel-
oped countries where the ratio of populations in urban and rural regions began to change dra-

steep increases in trans-national and international movement of humans and merchandise,
and the time when all four dengue serotypes were reported in every continent, leading to an

~

increase in the frequency and magnitude of dengue outbreaks [5,37,28]. We are familiar with

the achievements prior to 1970, such as the ambitious yellow fever programs when Aedes
aegypti populations were significantly diminished, and indeed eliminated from many cities and

large geographic areas throughout Latin America 1,4

o

]. On balance, it was concluded that

the control tools available before the 1980s (e.g. the highly persistent insecticide DDT) and the
settings in which they were carried out, were not pertinent to the challenge of dengue control
in urban environments of the 21st century, based on the significant logistical, sociological and

Table 1. Criteria for inclusion or exclusion of studies.

Inclusion Criteria

Exclusion Criteria

Study Any randomised or non-randomised study design.

design Primary research and models using empirical data.

Mosquitoes  Aedes aegypti/ albopictus

Interventionas  Any study where vecior control tools (aingly or combined) were tsed for =3 months

Outcomes Any study with empirical data reporting dengue incident data and/or entomological indices
monitored longitudinally for the duration of the intervention

Dengue cases reparted either by the study or obtained from extemal institutions (8.9, hospital
records)

Other Papers published from 1980 onwards

Review articles or opinion papers
Non-aempiical research/ modellad data
All other mosquito spp.

Entomological data without longitudinal
(interval) data capture

Qualitative dengue reports

Papers published pre-1980

doi:10.1371/journal.pntd 0004551 1001
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that have occurred in many of those countries during the past 35 years.

Qutcomes

The primary outcome was dengue incidence (any reported case data; clinical or lab-confirmed/
serologically positive cases); secondary outcomes were a range of vector indices: Breteau Index
(BI), House Index (HI), Container Index (CI), tank positivity, number of mosquito adults,
pupae per person index (PPPI), presence of Aedes immatures and ovitrap positivity rates.

All methods were pre-specified in the review protocol. PRISMA Group guidelines were fol-

Search strategy

The databases WHOLIS, MEDLINE, EMBASE, LILACS and Science Citation Index were
searched using the Medical Subject Heading (MeSH) “dengue” followed by the Boolean opera-
tor “and” combined with the following ‘free text’ terms “epidemic” and further combined in
succession with: ‘threshold’ ‘sentinel’ ‘early warning’ ‘case management’ ‘vector control’
‘DDSS’ ‘space spraying’ ‘indoor residual spraying’ ‘fogging’ ‘integrated vector management’
‘IVM’ ‘source reduction’ ‘container’ ‘larvicide’ ‘repellent’ ‘insecticide’ ‘adulticide’ ‘fumigant’
‘aerial spraying’ ‘dengue decision support system’. The reference list of each of the included
studies was also searched, and “grey literature” (cited unpublished documents) were sought by
communication with authors. No limits were placed on year of publication status or language.

Study selection

Search results were imported into EndNote (EndNote X5, Build 7473). LRB and PJM indepen-
dently assessed the title and abstract of each record (or the corresponding full article) retrieved
by the search for eligibility; any discrepancies were discussed. The full article was retrieved for
each eligible study. The study’s investigators were contacted if eligibility was unclear, additional
data were unpublished or the article was inaccessible. Each article was scrutinized to detect
multiple publications from the same trial; such publications were included as a single study.

Data extraction

LRB and PJM independently extracted data according to an agreed checklist and differences
were discussed. Trial characteristics and risk of bias information were extracted along with out-
viduals randomized and the number of individuals analysed for each treatment group. For
dichotomous outcomes, we extracted the number of individuals experiencing the event in each
treatment group for each study. For continuous outcomes we extracted means and standard
deviations (where presented) or medians, interquartile ranges, and ranges. When such data
were not reported, we extracted narrative information and tabulated results. For non-random-
ized studies, we extracted measures of effect, as well as treatment group data.

Risk of bias assessment
Using a pre-piloted form, LRB and PJM independently assessed risk of bias and discussed any

nent of each trial, a judgment of high, low, or unclear risk of bias was made and the rationale
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tor the judgment was given (82 Table and i Fig). For non-randomized studies, LRB and PJM

each study could be ranked according to inherent study design limitations, which included but
were not limited to, bias, confounding and blinding.

Data analyses

Analyses were performed in Review Manager (RevMan Version 5.2. Copenhagen: The Nordic
Cochrane Centre, 2012). We extracted the measure of effect and CI from the study reports.
Where possible, we stratified analyses by intervention, outcome, measures of effect and study
design. For multi-arm trials, data from numerous intervention groups were pooled. We calcu-
lated trial-level results (i.e. MD, RR or OR and standard error [SE]) and pooled them using ran-
dom-effects inverse-variance meta-analysis to account for large variability present between
studies. Results were visualised in forest plots. Sub-group analyses were used to stratify studies
that used different and/ or combination interventions.

Heterogeneity was assessed using the I” test statistic, the chi-squared test (P<0.01 indicated
possible significance) and by visual inspection of the forest plots to identify overlapping confi-
dence intervals. Studies that could not be visualised in forest plots were presented in tables.

When heterogeneity was detected, possible causes were explored using subgroup analyses
and predefined covariates.

Subgroup analyses were planned to explore potential sources of heterogeneity (i.e. effects of
seasonality, mosquito species, duration of intervention, coverage), but analyses were not car-
ried out because of the low number of studies available for analysis. For the same reason, sensi-
tivity analyses that excluded studies with a high risk of bias were pre-planned to assess the
robustness of results, but were not carried out. Hence, the planned funnel plots were not con-
structed to explore possible publication biases.

Results
Study eligibility results

A tota] of 960 potentially relevant studies were identified using systematic searches of the data-
bases, grey literature and their cited reference lists and 19 more were identified from other
excluded. The full texts of the remaining 102 records were assessed and 61 articles were
excluded.

The reasons for exclusion were: incomplete outcome data (18 studies); study was a review, a
non-peer reviewed report or a mathematical model (14 studies); no intervention was carried
out (eight studies); undefined or inadequate dengue case definition (three studies); intervention
or outbreak duration was less than 3 months (10 studies); study included only one required
outcome (three studies); study preceded 1980 (three studies); time series data collection not
reported (two studies).

Characteristics of included studies

The main characteristics of included studies are summarised in 54 Table. Of the 41 included

studies, geographic study locations comprised: SE Asia (n = 11) or Central America (10), South
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Fig 1. PRISMA 2009 flow diagram. Diagram of searches performed and the number of articles returned and examined at each stage.

doi:10.1371/journal pntd.0004551.9001

Asia (8), Australasia (4), South America (5) and North America (3). All studies were published
between 1986 and 2014, and 2009 was the median year of publication.

Grouped by study design, the studies comprised: 9 randomised controlled trials (i.e. 7 clus-
ter-randomized and 2 randomized controlled trials) and 32 non-randomised studies (i.e. 8 con-
trolled trials, 7 longitudinal studies, 4 interrupted time series studies, 5 before and after studies,

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004551
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2 observational studies, 1 case-control study, 1 cross sectional study, 1 retrospective observa-
2).

Vertical and community-led interventions were used exclusively in 20 and 10 studies
respectively, and 11 studies used a combination of both. Combination interventions (23 stud-
ies) were more common than single interventions (18 studies). Study duration ranged from 5
months to 10 years; 16 studies were less than 1 year, 12 took place over 1-3 years and 7 studies
were 8 or more years in duration.

quently evaluated interventions were clean-up programs (n = 19), of which 4 were cluster ran-
domised controlled trials. Outdoor fogging (9), education (11), larviciding (7) water jar covers
(7) also were the subject of multiple studies.

All studies presented data on Aedes aegypti; four presented additional data on Aedes albopic-
tus (5
reported HI, 11 studies reported CI, 1 study reported tank positivity, 3 studies reported number
of mosquito adults, 6 studies reported pupal indices, 3 studies reported ovitrap data.

Fig 2 (bottom) summarises the reported reduction in outcome at a statistically significant
level (p<0.05). Of note was the observation that in studies where it was an outcorne, dengue
incidence was not reduced in either of 2 randomised study designs, although 8 of 14 studies
with other experimental designs reported a statistically significant reduction.

Risk of bias assessment resulis

Randomised studies. The results of this assessment are presented in 52 Table and §3 Fig.
Nine studies were at low risk of bias for selective outcome reporting. Seven studies were at low
risk of bias for incomplete outcome data, while one was at medium risk and one was at a high
risk of bias. There was a high risk of bias due to inadequate blinding in all studies. Risk of bias
through allocation concealment was low in one study, unclear in four studies and high in four
studies. Risk of bias attributed to generation of allocation sequence was low in four studies,
unclear in four studies and high in one study.

Non-randomised studies. The results of this assessment for non-randomised studies are
shown in 53
2, equal to a moderately strong study, and only two studies scored 1, equal to a strong study.

e. Nineteen studies scored 3, equating a weak study, while nine studies scored

Effectiveness of interventions

data to allow their inclusion in meta-analyses. The results of those analyses are presented here

stratified by reported outcome, either the impact on dengue incidence or on vector indices.

Impact on dengue incidence

Impact of dengue incidence in randomised controlled trials. None of the included
reports that investigated the impact of vector control on dengue incidence were randomised
controlled studies.

Impact on dengue incidence in non-randomised controlled trials. Five studies measur-
ing the impact of any intervention[s] on dengue incidence using odds ratios were included in
tional [x2], retrospective observational, case-control) and interventions (knockdown sprays or
insecticidal aerosols, house screening, indoor residual spraying, community-based environ-
mental management, insect repellents, bed nets, mosquito coils and mosquito traps).

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004551 March 17,2016 8/24
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study design (ADI = adult (mosquito) density index; CRCT = cluster randomised controlled trial).

doi:10.1371fjournal pntd.0004551.9002
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doi:10.1371/journal.pntd.0004551.9003
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Heterogeneity across the studies was high, most likely due to the varying study designs, number
of studies per subgroup and intervention type (I” = 92.1%).

The presence of house screening in homes (three studies: 52,59,69) significantly reduced the
odds of dengue incidence compared to homes without screens (0.22: 95% confidence interval
(CI) 0.05, 0.93; p = 0.04). Combined community-based environmental management together
(95% CI0.15, 0.32; p<0.0001).

Indoor residual spraying reduced the odds of infection to 0.67 (95% CI 0.22, 2.11), but the
]. There was no evidence that the use of mosquito

odds of dengue infection, with odds ratios of 1.02 (95% CI0.71, 1.47; p = 0.91), 0.91 (95% CI
0.49, 1.67; p = 0.75) and 1.18 (95% CI 0.67, 2.08; p = 0.57) respectively.

increased odds of dengue incidence.

Impact on vector indices

Impact on mosquito indices evaluated in cluster-randomized controlled trials
(CRCTs). Cluster-randomized controlled trials with data suitable for inclusion in these -anal-

either BI, (-25.16; 95% CI -76.02, -25.70; p = 0.33), HI (-10.58; 95% CI -32.22, -11.05; p = 0.34),
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Fig 4. Forest plot of comparison: Cluster randomised controlled trials sub-group analysis for insecticide-treated curtains intervention vs. control
for the outcomes Breteau Index, House Index, Container Index and Pupae Per Person Index.

doi:10.1371fjournal pntd.0004551.9004

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004551 March 17,2016 11/24

ED_005208A_00181440-00011



MEGLECTED
TROPICAL DISEABES Effectiveness of Dengue Vector Control

CI(-0.24; 95% CI -0.16, 0.25) or Pupal indices (-0.19; 95% CI -0.37, 0.75). Heterogeneity
between the studies was high, with I, = 97% (p<0.0001) for outcomes BI and HI.
In Cuba, community-based combination interventions significantly impacted Bl and HI

rics: BI -4.66 (-5.89, -3.43), HI -17.10 (-22.16, -12.04) and CI -12.30 (-15.31, -9.29).
Impact on mosquito indices evaluated in randomized controlled trials (RCTs). One
Fig). Water tank covers significantly reduced the number of tanks positive for immature stage

evaluated.
In quasi-experimental design, larviciding using the insect growth regulator Pyriproxyfen
delivered as part of a community-based strategy, was reported to have significantly reduced the

Rate Ratio Rate Ratip
Study or Subgroup  logiRate Ratig] SE W, Bandom, 8% ¥, Ranglom, @5% 1
1.7.1 Community-based Environmental Modification, Larvicide, Water Cover, Social Mobilisation | Bt
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Vanlerherghe 2010 ~{,7133 3043 $.4% {27, .59 s
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Castro, 2012 ~3 4308 0.1139 0.5% 10.52, 0.8} b
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1.6.3 Community-based Envirg veal Manag t, Water Covers, Sogial Mobilisation, Clean Up 1 Q)
Arunachalam 2013 4.2 3.81R3 IO R 0.3 20 ~E230-17.36, ~7.24) R
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Fig 5. A.Forest plot of comparison: Cluster randomised controlled trials analysis of community-based environmental management intervention
vs. control for the outcomes Breteau Index, House Index. Cluster Randomised Controlled Trials of community empowerment with routine control vs.
control (routine control alone), for the outcome Breteau Index. B. Forest Plot of Comparison: Cluster Randomised Controlled Trials community-based
analysis of environmental management intervention vs. control for the outcomes Breteau Index, House Index and Container Index.

doi:10.1371fjournal pntd.0004551.9005
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Impact on mosquito indices evaluated in non-RCTs.  Although numerous studies evalu-
ated the impact of combinations of interventions on vector populations, it was not possible to
combine these into one forest plot, because of the wide range of study designs, outcomes or
outcome measures applied. Variously, the studies investigated: clean-up campaigns in conjunc-

while the odds of the presence of immature stage Aedes were reduced in the intervention
group, through the combined use of Olyset net covers for waters jars and pyriproxyfen for a

reducing the number of circulating adult mosquitoes, although this result was modest and not
significant: MD 0.30 (95% C1-0.74, 0.13) (55 Fig) [31].

S

Outdoor nocturnal ultra-low volume fogging significantly reduced numbers of adult Ae.

and fogging was conducted between 3-5 times per annum; 43-90% mosquito control was
achieved.

In a seminal field study with genetically-modified mosquitoes in the Cayman islands, sched-
uled releases of sterile male mosquitoes reduced the odds of ovitrap positivity in intervention

iig).

Discussion

The dramatic growth in dengue over the past 35 years has been a remarkable epidemiological
event and, as evidenced by its continued global spread, a challenge for which the public
health community was not prepared. It is not surprising that 24 of the 41 studies included in
this review were published in the past 7 years, reflecting the increase in attention and
resources devoted to devising effective control strategies as recognition of the dengue pan-
demic grew. However, the fact that the global increase in focus on dengue control generated
so few studies performed at a standard required for inclusion in this review, indicates that
the magnitude of the response to the dengue pandemic has not been sufficient. Moreover,
most of these studies investigated the impact of interventions on dengue vector indices alone,
rather than dengue incidence. This also is discouraging, as the limitations of the Stegomyia
larval indices, primarily their poor correlation with dengue transmission, are well known
identification of thirteen studies that measured the impact of vector control on dengue inci-
dence in the past 35 years, and that only six of these were suitable for inclusion in a meta-
analysis. Simply stated, we do not have a clear understanding of which of the currently avail-
able interventions actually work, where or when they succeed or might work best, and the
reasons why they succeed or fail.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004551 March 17,2016 13/24
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Nowhere is the inadequacy more apparent than in the absence of appropriately designed tri-
als to evaluate insecticide fogging or space-spraying for the prevention of dengue transmission.
Although space spraying is the standard public health response to a dengue outbreak world-

mised controlled trials have been undertaken to evaluate the effectiveness of space-spraying or
fogging to reduce dengue transmission or dengue incidence, anywhere in the past 35 years. We
nificant impact of outdoor fogging on dengue vector populations.

Without adequate evidence, it is impossible to determine how effective space-spraying pro-
grams, whether indoor or outdoor, have been. It may be the case that outdoor fogging has the
potential to impact on dengue vector populations sufficiently to impact transmission, but the
minimum treatment frequency and geographic area requiring treatment remain unknown.
The most encouraging report comes from a recent longitudinal study analysing twelve years of
if intensive city-wide space-spraying (outdoor fogging) was conducted early in the transmis-
sion season. Given the cost implications of delivering a similar scale treatment in an even larger
city, possibly with the need to do so in advance of an outbreak crisis, further studies to demon-
strate the potential benefits are essential.

Of those that could be assessed adequately, the method with the most evidence supporting
effectiveness in preventing dengue transmission was house screening. Data from cross-sec-
were included in a meta-analysis that indicated a significant protective effect of window and
door screens on dengue transmission as detected by serology (ELISA or HIA (haemagglutina-
tion inhibition assay)) (Fig 3). Although the weaker study designs limited the power of this

result, the results are encouraging. Aedes aegypti exhibit predominantly indoor resting and

blood feeding behaviour (termed endophagic and endophilic behaviour, respectively)[87], and

barriers to access would be expected to impact on this species. Malaria vector mosquitoes and
other arthropods of medical importance are also active indoors and can be targeted in the same
way, increasing the likelihood of perception of benefit and adoption by householders. “Mos-
quito-proofing” houses was first considered over a century ago, and its potential as a sustain-
able and effective tool for malaria control has been evaluated in randomized controlled trials in

Recent studies in a high-risk dengue setting in Mexico reported that window and door screens

were a popular and widely-adopted intervention that significantly reduced domestic infesta-
guidelines, but given its potential and wide ranging benefits, it is a strong candidate for rando-
mised controlled trials to evaluate its effectiveness in preventing dengue.

Two observational studies reported on the impact of indoor residual spraying IRS, with con-
tradictory results and while one of these reported a positive significant reduction in the odds of
quently, the pooled odds ratio showed no statistically significant effect between intervention
and control groups. While indoor residual spraying can target Aedes aegypti, such methods

widely to control a number of other vector-borne diseases in various settings worldwide and, as
it allows the delivery of a range of different insecticide classes, it can be an important tool for

expanded with minimal change to include dengue is an attractive prospect.
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Probably the most widespread practices to suppress dengue vector populations are clean-up
campaigns, typically community-driven and in tandem with education and health promotional
campaigns as well as numerous additional approaches. Efforts promoting environmental and
peri-domestic clean-up to reduce vector larval development sites have been routine practices in
many dengue-endernic localities for decades and as shown in Fig 2, they were the most com-
mon intervention evaluated in the reviewed studies. However, clean-up campaigns were evalu-
ated only as one element within multiple interventions or they continued to be promoted as a
background across all the arms within a study. Thus, source reduction or clean-up campaigns
were applied in some way in 20 studies but were associated with interventions ranging from
fogging or water container covers targeting adult mosquitoes to larviciding and copepods for
ie). Hence it is not possible to dissect their specific contribution
to reducrng vector popuiations or their impact on dengue transmission. Of these, the strongest

,,,,,,,,,,,,,,,, 58] where results indicated that community working groups
(CWGs), 1nrtiaiiy set up some years earlier, in a preceding study [71] promoting environmental
management, conversion of garbage zones into gardens, water pipe repairs and the use of water

container covers not only reduced vector indices, but also impacted dengue transmission, sig-
niﬁcantlv more than the routine A. aegypti control programme Although WHO recommends

Results from a cluster randomised controlled trial in Nicaragua and Mexico [ 1{2] reported
reductions in dengue sero-conversion rates and self-reported dengue cases as well as vector
indices, following community mobilisation to deliver pesticide-free vector control. Clearly fur-
ther evidence is needed. It remains to be determined how best practice is defined in any setting
(i.e. which tools or methods the community should employ), and what coverage is necessary in
order to not simply reduce mosquito indices, but to impact on dengue virus transmission.

The use of fish and crustaceans as biological control agents that prey on or compete with
the immature vector stages may have potential in certain contexts, but we identified only three
studies that evaluated copepods (aquatic Crustaceans) [78, 79, 1{13]. In all cases, the crustaceans
were used together with clean-up programs, obscuring the impact of each method, and none of
the reports provided sufficient data to be included in a meta-analyses. Consistent with earlier
widespread potential.

A substantial number of reports demonstrated impacts on vector indices of insecticide-

dow or door screens or as horlzontal covers for water containers, need to be quantiﬁed in loca-
tions and contexts where housing conditions indicate suitability. ITMs, used as curtains hung
or fixed tightly across external windows and doors, function in a similar way to mesh screens,
and potentially could provide enough protection without the need for insecticide, as suggested
by a study in Mexico, where ITMs reduced vector populations even though the targeted popu-
lation was highly resistant to the insecticide used [$].

There was no evrdence of any impact on dengue infection risk by insecticide-treated bed
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date, evidence of traps preventing any mosquito-borne disease remains elusive. Both opinion
and evidence are weighed against the use of skin repellents for prevention of vector-borne dis-

mosquito coils [52,64] and higher odds of dengue incidence have a number of possible expla-
nations. These tools may have been purchased in response to an actual increase in mosquito

numbers, or a dengue case in the home or a neighbour’s house, during a period of dengue

transmission. Alternately, householders using aerosols or coils may have relied solely on these

anti-mosquito devices and not have adopted any other more effective preventative measures.
Approaches involving the use of genetically modified (GM) mosquitoes or the intracellular

in the numbers of reports from ongoing new trials can be expected, although the use of GM
mosquitoes for dengue control will have to confront or overcome additional regulatory or ethi-

Regarding trials of methods that require the use of insecticides, we noted that while 23/41
studies examined the impact of insecticide-based tools, only 9 of these cited recent information
on insecticide resistance or referred to an evaluation of the susceptibility status of the target
vector population at any stage of the study. Resistance to DDT, pyrethroids and other insecti-
cides has been documented widely in dengue vectors, and continues to emerge, potentially
must be an integral part of any trial where insecticide-based interventions are under evaluation,
as recommended by the World Health Organisation [4].

Today, there is a widespread perception that Aedes aegypti control ‘has failed’ or that exist-
ing methods will not reduce dengue transmission, and that this is why we should abandon
shown in this review and meta-analysis, this is incorrect. In reality, there is very little reliable
evidence from appropriately designed trials to reach a conclusion about any of the control
methods available. That this also applies to insecticide space-spraying or fogging illustrates
clearly the urgent need for such fundamental trials.

Care in designing studies is critical. Randomized controlled trials are the most robust design
teen reports included in the meta-analysis (7 CRCTs, 1 RCT) were randomised, none of which
reported a significant impact on dengue incidence. In contrast, eight other studies that reported
a positive reduction in dengue incidence at p<0.05, were not derived from randomised con-

3). Weakness in the designs of tri-

Also apparent from this review is the large number of studies investigating impacts on the
vector population alone, with no measures of the effectiveness of the intervention on dengue
transmission. We recognise that detecting dengue viruses or confirming current, recent or his-
toric dengue infections are not simple routine or inexpensive tasks, requiring skills and equip-
ment that are not available without considerable investment. However, without this additional
investment, the value of many studies that are limited to evaluating impacts on the vector
alone is seriously reduced. Demonstration of impact on vector populations is achievable and
often reported but is no guarantee that an intervention will translate into a reduction in dengue

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004551 March 17,2016 16/24
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between vector abundance, virus transmission and human infection rates are far from clear

As well as their role in dengue transmission, Aedes aegypti is the main urban vector of yel-
low fever in Africa and South America, and this species and Aedes albopictus variously are vec-
tors of the Chikungunya and Zika viruses, two emerging human pathogens that constitute a
must be tempered by reality, and based on sound evidence. In the large urban zones where
these vectors proliferate, to simply continue to use what has always been used, for that reason
alone, or to pursue new approaches without sound supporting evidence would be wrong, and
potentially a profligate waste of resources. Hence, there is an argument for instituting a global
independent advisory body to guide decisions regarding the selection of approaches and tools
for control or prevention of infections transmitted by urban Aedes sp. vector populations, and
the design of appropriate multi-centre trials to evaluate their effectiveness. With this in mind,
we hope that the findings of this review and meta-analysis will contribute to the sound evidence
base on which that approach would be founded.
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Vector-borne diseases (VBDs) such as malaria, dengue,
and leishmaniasis cause a high level of morbidity and
mortality. Although vector control tools can play a major
role in controlling and eliminating these diseases, in
many cases the evidence base for assessing the efficacy
of vector control interventions is limited or not available.
Studies assessing the efficacy of vector control interven-
tions are often poorly conducted, which limits the return
on investment of research funding. Here we outline the
principal design features of Phase lil vector control field
studies, highlight major failings and strengths of pub-
lished studies, and provide guidance on improving the
design and conduct of vector control studies. We hope
that this critical assessment will increase the impetus for
more carefully considered and rigorous design of vector
control studies.

Evidence-based policy making on vector control

VBDs such as malaria, dengue, and leishmaniasis are
responsible for considerable morbidity and mortality and
fall disproportionately on the poorest communities in the
developing world [1—4}. One of the key methods by which
VBDs can be controlled and eliminated is through vector
control {5-10; for example, long-lasting insecticidal nets
(LLINSs) for malaria or indoor residual spraying (IRS) for
Chagas disease.

Development of vector control interventions follows a
multistage process [11] (Figure 1). First, a draft target
product profile should be generated. This document guides
the development process by outlining the features and
performance targets of the intended vector control tool.
The next step is demonstrating the proof of concept by
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conducting Phase I studies (laboratory assays to determine
the mode of action) and Phase I (semi-field and small-scale
field) studies, which generally have entomological end
points. Large-scale Phase 111 field studies (efficacy studies)
(see {(Fluszary) are then conducted, which measure the
efficacy of the vector control tool against epidemiological
outcomes when implemented under optimal conditions.

Based on the results of Phase III trials, the World
Health Organization (WHQ) will make recommendations
for pilot implementation. These Phase IV studies will
assess the effectiveness of the vector control tool when it
is delivered and used operationally (i.e., under ‘real-world’
conditions), as well as collecting information on feasibility,
distribution mechanisms, acceptability, economics, and
safety. Information gathered from the Phase III and IV
studies will enable the WHO to draw up policy recommen-
dations and, in parallel, member states will develop coun-
try-level policy.

Evidence-based policy making on vector control tools is
now regarded as essential and is adopted by the WHO
{1213} (Box 1). The quality of evidence on vector control
interventions from epidemiological trials or systematic
reviews needs to be rated before recommendations and
policy can be formulated. Since 2008, the WHO has
adopted the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) methodology for
evaluating evidence for policy and guideline recommenda-
tions {14,15]. According to the GRADE methodology, an
initial rating is given based on the study design. Random-
ised controlled trials (RCTs) are rated as high-quality
evidence and non-RCTs as low quality. Studies are then
up- or downgraded based on several factors. RCTs can be
downgraded depending on risk of bias, inconsistency, indi-
rectness, imprecision, or publication bias. Non-RCTs can
be upgraded based on the effect size observed, dose re-
sponse, or plausible residual confounding. The final score
generated can range from high (i.e., further research is
very unlikely to change our confidence in the estimate of
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Glossary {adapted from [24,88-80], hitp:/ v,
sochrans-handbook.org)

Allocation concealment: refers to keeping the investigator unaware of to which
group {i.e., treatment or control) an individual or cluster is assigned. Selection
bias can be introduced if the investigator or participant can foresee the
assignment {e.g., use of alternation or rotation, assignment envelopes not
sealed, not opaque, or not sequentially numbered).

Attrition bias: refers to systematic differences between those individuals or
communities that withdraw from the study or those that are lost to follow up
versus those that continue in the study.

Blinding: a procedure used in trials in which participants/investigators/outcome
assessors do not know to which group the individual or cluster has been
assigned. Single blind refers to either the participant or investigator/outcome
assessor being blinded, while double blind refers to both the participant and the
investigator/outcome assessor being blinded.

Case-control study: a study in which a group of people with the disease of
interest {cases) and a group of people without the disease {controls}), but
representing the population from which the cases originated, are identified.
The prevalence of the exposure of interest {e.g., use of protective intervention) is
compared between these two groups.

Cluster randomisation: a study in which clusters are randomly assigned to
either control or intervention groups. Clusters can be geographical areas (e.g.,
sectors of a large city), communities {e.g., villages}, administrative units {e.g.,
district, region), institutions {e.g., schools}, health facilities, or households.
Cohort study: a study in which two groups of disease-free people are identified -
exposed {using a protective intervention) and unexposed {not using a protective
intervention). The groups are then followed over a period of time for the
outcome of interest (usually disease or infection). In this study type, the people
are not allocated to the intervention of interest.

Confounding bias: according to Porta, ‘confounding occurs when all or part of
the apparent association between the exposure and the outcome is in fact
accounted for by other variables that affect the outcome and are not themselves
affected by exposure’ [40}. A variable that is on the causal pathway between the
exposure and the outcome is not a confounder. Confounding bias refers to ‘bias
of the estimated effect of an exposure on an outcome due to the presence of
common causes of the exposure and the outcome’ according to Porta [20:. This
is a common type of bias in observational studies and nonrandomised trials. For
example, in an observational study of the association between house screening
and malaria incidence, the relationship is likely to be confounded by socioeco-
nomic status since people in superior houses that use screening are likely to be
of higher socioeconomic status, who may, for example, have greater access to
other protective measures against malaria such as LLINs.

House screening e Malaria incidence

Socio-economic status
{confounder)

Control group: a group of study participants that receive no intervention, a
placebo, or the standard of care depending on the study design and thereby
serve as a comparison group when the intervention results are evaluated.
Controlied before-and-after study (CBA): also known as a pre-post study. A
study in which observations are made before and after implementation of an
intervention in both the intervention group and a control group that does not
receive the intervention.

Courtesy bias: a tendency for study participants to give favourable answers out
of courtesy to the investigator {e.g., incorrect reporting of high compliance with
an intervention).

Crossover study: a study in which individuals/clusters receive the intervention
or control for a period of time before switching to receive controf or intervention.
There is usually a washout period in-between to avoid carry-over effects.
Cross-sectional study: in an analytical cross-sectional study, information is
collected at one point in time on the prevalence of the outcome of interest
{e.g., disease, infection) and the exposure (e.g., use of a protective intervention).
Detection bias: refers to systematic differences between groups in how out-
comes are determined. For example, clinicians assessing patienis may be more
or less likely to diaghose a particular disease if they know that a person received
a protective intervention in the study. Detection bias can be reduced by ensuring
that investigators and outcome assessors are not aware of which intervention
participants have received.

Effectiveness study: these studies estimate the effect of an intervention under
pragmatic or ‘real-life’ conditions {e.g., intervention delivery under routine
conditions so that the relevance of the findings for policy and practice is
maximised).

Effect size: the magnitude of difference between treatrment and control groups
{e.g., risk or rate ratio, percentage reduction in prevalence).
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Efficacy trial: these studies estimate the effect of an intervention under highly
controlled conditions {e.g., maximal coverage of the target population and
adherence to the intervention).

Experimental study: a study design in which we allocate exposure to study
subjects and observe the outcome.

Interrupted time series {ITS): a study in which the outcome is measured on
several occasions both before and following introduction of an intervention {the
‘interruption’). This allows us to see whether an intervention has had an impact
greater than any underlying trend in the data. This study design may or may not
include a paraliel control group.

Observational study: a study design in which we observe the effect of the
exposure on the study subjects but no role is played in assigning the exposure to
the participants.

Performance bias: according to Porta, refers to ‘systematic differences in the
care provided to members of the different study groups other than the inter-
vention under investigation’ [%0]. For example, if participants know they are in
the control group of a trial of repelients, they may be more likely to use other
forms of vector control, such as protective clothing. Alternatively, health-care
providers may care for patients differently if they are aware of which study
group they are in. Performance bias can be reduced by blinding to ensure that
participants, health-care providers, and researchers are unaware of which
intervention participants have received, although this is not always possible.
Randomisation: individuals or clusters are allocated to intervention and control
using a random method. Randomisation comprises two interrelated steps,
sequence generation and allocation concealment {not to be confused with
blinding).

Randomised controlled trial {RCT): individuals or clusters (cluster-randomised
controlled trial) are randomly allocated to receive either intervention or control.
Intervention and control groups are then followed up for the outcome of
interest.

Recall bias: refers to systematic differences between groups in the recall of
information regarding exposures. It is a particular problem in case-control
studies where surveys are used to gather information on past exposures.
Selection bias: refers to ‘bias in the estimated association or effect of an
exposure on an outcome that arises from the procedures used to select
individuals into the study or the analysis’, according to Porta [%3]. Often,
selection bias refers to systematic differences between the characteristics of
the study population and those of other populations and thus there is a lack of
generalisability. Nonrandomised studies are particularly susceptible to selec-
tion bias, although randomised studies can suffer from selection bias if rando-
misation procedures are not followed correctly. Selection bias can also be
introduced into observational studies. For example, in case-control studies
selection bias is introduced if cases are selected that are not representative
of all cases within the population or controls are selected that are not represen-
tative of the population that produced the cases.

Sequence generation: a method of generating an allocation sequence. The
method can be nonrandom {e.g., odd or even date of birth, investigator
preference} or random {e.g., random number generator, drawing lots, coin
tossing).

Step-wedge design: studies in which the intervention is rolled out to clusters in
a staged fashion. At the end of the study, all clusters will have received the
intervention. The order in which clusters receive the intervention is usually
determined at random.

Stratification/stratified randomisation: a technique used to ensure that equal
numbers of individuals or clusters with a characteristic thought to affect
response to the vector control intervention {e.g., baseline incidence) will be
allocated to each study arm. Multiple clusters are grouped to form strata based
on a characteristic {e.g., low versus high incidence of disease) and clusters are
randomly allocated within the strata such that equal numbers are assigned to
intervention and control. Within each strata more than one cluster is assigned to
an arm.

Systematic review: according to Porta, a systematic review is ‘a review of the
scientific evidence which applies strategies that limit bias in the assembly,
critical appraisal, and synthesis of all relevant studies on the specific topic’
964, The Cochrane Collaboration produces ‘gold-standard’ systematic reviews
that are conducted in a highly rigorous fashion.

Time series: a study in which the outcome is measured on several occasions
following the introduction of an intervention. This study design generally has a
parallel control group, but may not be randomised.

effect) to very low (i.e., very uncertain about the estimate of
effect).

While vector control interventions are the backbone of
many disease control programmes, the evidence support-
ing their use remains weak. Based on our experience
systematically reviewing the literature {1628}, we have
identified repeated problems with vector control studies.
To advance evidence-based policy making, the quality of
evidence on vector control interventions — specifically the
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Figure 1. Stages in development of a new vector control product. The first step in the development of a new vector control product is to define the target product profile
{TPP), including target efficacy characteristics, safety, and cost. Laboratory assays are then conducted 1o establish the mode of action {MoA) of the product followed by
Phase i studies (semi-field and small-scale field trials) to determine the efficacy of the product against entomological outcomes. Phase lli field trials to assess the efficacy of
the intervention against epidemiological outcomes are then conducted and, based on the results of these trials, the World Health Organization (WHO; hitp:fiwww who int/
neglected diseasesiacior_scology/VIAG rescurcesifers) will make recommendations for pilot implementation. Phase IV pilot implementation studies assess the
effectiveness of the vector control tool when it is used under ‘real-world’ conditions and collect information on feasibility, distribution mechanisms, acceptability, cost, cost-
effectiveness, and safety. On the basis of Phase lll and Phase 1V studies, the WHO develops broad WHO public health policy on which many member states base country-
level policy. Adapted from {11}

design, conduct, analysis, and reporting of vector control the essence of good study design for evaluating the efficacy
studies — needs to be improved. The problem of waste in of vector control interventions. Given the importance of
research has recently been highlighted in a series in The study design and risk of bias to the GRADE assessment of
Lancet that calls for better design, conduct, analysis, and quality of evidence, we first provide a primer on study
reporting of studies {21,232}, Here we respond to The Lan- designs and bias to illustrate the hierarchy of experimental
cet’s demand to reduce waste in research by highlighting designs for estimating intervention efficacy. Second, we

review common failings of vector control efficacy studies in

terms of their design and conduct and suggest how these

Box 1. Current policy-making process at the WHO {13} studies can be improved.

[Vector Control Advisory Group (VCAG) Operational

Procedures (hitp:/ s whe dnt/ neglected diseases/ General considerations on study designs for vector
veotor_scology/VOAG resources/en/)] control studies

The methodological quality of study designs varies such

The WHO has in its mandate to set, communicate, and promote the . .
that some are better than others in being able to answer

adoption of evidence-based norms, standards, policies, and guide-

lines. It is important that this process is streamlined because many the question ‘Does the intervention work? or ‘Does this
countries rely on WHO recommendations to develop their own intervention work better than that intervention? {23]. In
policy. Two WHO departments are responsible for the main vector- Tigure 2 we provide a hierarchy of Study designs for

borne diseases: the Global Malaria Programme (GMP) and the
Department of Control of Neglected Tropical Diseases (NTDs),
which covers other VBDs including dengue, Chagas disease,

evaluating the efficacy of vector control interventions —
ranking studies as level 1, 2a, or 2b according to their

leishmaniasis, human African trypanosomiasis, onchocerciasis, methodological quality — and list nonrecommended stud-
and lymphatic filariasis. Both departments have advisory commit- ies. We accept that different study types may be better for
tees that provide independent strategic advice and technical input answering other questions, such as the acceptability of the

for the development of WHO policy recommendations [i.e., the

. - e
Malaria Policy Advisory Committee (MPAC) and the Strategic and intervention [2:}.

Technical Advisory Group (STAG) of the Department of Control of BCTS are gener.ally considered the ‘g(’ld'Sta.nda.rd’ study
NTDs]. These advisory committees are guided by standing technical design for evaluating the efficacy of a protective interven-
expert groups and/or ad hoc evidence review groups that are tion since they have a low risk of selection bias {24} Chitp/

responsible for reviewing studies on specific issues and making
evidence-based recommendations. New or innovative vector con-
trol paradigms are assessed by the WHO VCAG. This group was

www cochrane-handbook.org), which is arguably the most
important type of bias in experimental studies. Such is the

established in 2013 to guide the development of new vector control importance of randomisation that we consider RCTs as
paradigms that have the potential for use as public health level 1 evidence. If the number of randomisation units is
interventions. The VCAG can be consulted by innovators for advice sufficiently large, randomisation will ensure that, in a two-

on developing early-stage vector control paradigms and assessss
proof of concept of new vector control technologies. Once satisfied
that proof of principle has been established and field trials have

armed study, any factors that may affect an outcome are
similar in the two arms {24]. Even if one randomises, it is

satisfactorily demonstrated the efficacy of new forms of vector good practice to check that the baseline characteristics of
control, the VCAG makes recommendations to the MPAC and STAG the groups are similar to verify whether the randomisation
on whether WHO guidelines should be formulated regarding the was successful [25]. If there is no random allocation of

deployment of the new paradigm for public health use. intervention and control communities, potential bias can

3
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Figure 2. Hierarchy of study designs for assessing the efficacy of vector control interventions. Study designs for assessing the efficacy of vector control interventions can be
ranked according to their methodological quality. Randomised controlled trials (RCTs) {level 1) are the ‘gold-standard’ study design for evaluating the efficacy of vector
control interventions. Randomisation reduces the risk of selection bias by ensuring that control and intervention groups are similar to each other. Level 1 studies include
cluster or individually randomised controlied trials as well as randomised crossover, randomised step-wedge, randomised controlled before-and-after, randomised
controlled time series, and randomised controlied interrupted time series studies. Nonrandomised trials {including nonrandomised crossover, nonrandomised step-wedge,
nonrandomised controlled before-and-after, and nonrandomised controlled interrupted time series studies) are at a higher risk of bias and so are ranked lower (level 2a).
Observational studies, such as case-control, cohort, and cross-sectional studies {level 2b), provide weaker evidence on the efficacy of protective interventions than
experimental designs since they can be subject to bias due to confounding factors and flaws in measuring exposures and outcomes. Nonrandomised controlled trials,
nonrandomised controlled time series designs, and studies without a control group or using a noncontemporaneous control group are not recommended. Adapted from an
Australian Government National Health and Medical Research Council 2009 document on additional levels of evidence and grades for recommendations for developers of

guidelines (hipe/fwwen rhmrs. gov. awguidelines-pablicationsd
Medicine 2011 Levels of Evidence (htip:/ranww.cabrm. net/index, aspxio=b4
defined as in [141

be reduced by adjusting for pre-intervention differences in
the two groups using multivariate analysis (e.g., {26}).
There is, however, no guarantee that this will fully control
for confounders that may be unknown or unmeasured.

In vector control studies, the intervention is often allo-
cated to a group of individuals known as a cluster (e.g.,
district, village, household) rather than at the individual
level. There are several reasons why cluster allocation is
common [24]. First, many vector control tools are, by their
nature, applied to groups of people or communities. For
example, spatial repellent may be allocated to a household
or an environmental sanitation intervention against den-
gue may be allocated at the community level. Second,
cluster allocation can help reduce contamination between
study arms that might occur if individuals within the same
community received different interventions; for example,
sharing of insect repellent with family members within the
same household or village. Last, cluster allocation means
that we are able to assess the community-level effect of the
intervention. For example, mass killing of mosquitoes
coming into contact with LLINs can reduce transmission
so that indirect protection is provided to individuals not
using LLINs.

There are numerous other study design types, including
controlled before-and-after (CBA) studies, controlled time
series, controlled interrupted time series (ITS), crossover
studies, and step—wedge designs (Figure 3), that may be
more suitable for evaluating the efficacy of some vector

4

formation-guidaline-develnpers/resources-guidaline-developers) and the Oxford Centre for Evidence-Based
GRADE (Grading of Recommendations Assessment, Development, and Evaluation) levels

control tools. For example, time series or I'TS are probably
more appropriate for studies of human African trypanocso-
miasis in which vectors are highly mobile and control
efforts need to be implemented over large areas
[27]. Step—~wedge studies involve rolling out the interven-
tion to clusters in a staged fashion. This design is often
used where logistical, practical, or financial constraints
make the staged roll out of the intervention desirable. We
classify randomised CBA, randomised time series, ran-
domised ITS, and randomised step-wedge studies as level
1 and nonrandomised CBA, nonrandomised ITS, and non-
randomised step-wedge studies as level 2a. We do not
recommend the use of nonrandomised controlled trials
or nonrandomised time series designs since selection bias
is likely to be high and there are no pre-intervention data to
assess the comparability of groups.

Observational studies such as case-control, cohort, or
cross-sectional studies (Figure 4) have been used to gener-
ate evidence of the efficacy of vector control interventions.
However, these designs provide weaker evidence than
experimental (randomised) designs since they can be sub-
ject to bias (e.g., recall bias, detection bias, confounding).
For this reason we have ranked these studies as level 2b.

We also do not recommend the use of studies without a
control group or those using a noncontemporaneous control
group. This is because longitudinal changes, such as rain-
fall, may impact epidemiological outcomes and can exag-
gerate or mask an intervention effect.
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Figure 3. Schematic illustrating design of controlied before-and-after, controlled time series, controlled interrupted time series, crossover, and step-wedge studies.
Controlled before-and-after studies involve collecting data on outcome measures before and after implementation of the intervention in the intervention group and at the
same time points in the control group. In controlled time series studies, data on outcome measures are collected at several time points once the intervention has been
implemented in the intervention group and at the same time points in the control group. Controlled interrupted time series studies involve collecting data on outcome
measures at several time points before and after implementation of the intervention in the intervention group and at the same time points in the controf group. In crossover
studies, two groups are allocated {usually randomly} to control or intervention and outcome measures are assessed once the intervention has been implemented. Following
a suitable washout period, the intervention and control are switched around and outcorme measures are assessed again. In a step-wedge study, the intervention is rolled
out randomly to clusters in a staged fashion so that by the end of the study all clusters will have received the intervention. Adapted from [32].

Common failings of vector control studies and
recommendations

Here we describe common problems with the design of
vector control studies illustrated with examples and make
recommendations for improvements.

Implementation and adherence to the intervention

In efficacy trials, vector control interventions should ide-
ally be implemented in an optimal manner with attention
to quality control, high coverage, and user compliance.

Unless these parameters are measured, it is impossible
to know whether an observed lack of effect is due to low
quality, coverage, and/or compliance or lack of efficacy of
the vector control method.

Quality control checks should be put in place to ensure
that vector control interventions such as IRS are imple-
mented optimally (e.g., correct application of insecticides,
coverage of all assigned structures). This can be achieved
through accurate record keeping, random spot checks, and

&

supervision {28 28],
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Figure 4. Schematic ilustrating design of observational studies for vector control interventions. in an analytical cross-sectional study, a cross-sectional survey is taken from
a representative sample of a population. The survey gathers information on outcomes (e.g., disease/infection) and exposure to the intervention from individuals at the same
time so the sample can be split into four groups: those with the disease who were exposed to the intervention; those without the disease who were exposed to the
intervention; those with the disease who were not exposed to the intervention; and those without the disease who were not exposed to the intervention. In a cohort study, a
sample of the population is chosen that is free of disease. Individuals without the disease are split into two groups {those exposed to the intervention and those not exposed
to the intervention) and are followed up over time to determine how many develop the disease or infection. In a case-control study, individuals are selected on the basis of
their disease or infection status. A group of individuals with the disease or infection {(cases) and a group without the disease/infection {controls) are selected. The prevalence

of exposure to the intervention is then compared between the cases and controls.

Adherence to the intervention being tested is very
important. Efficacy studies usually employ specific tech-
niques (e.g., behaviour change communication) to encour-
age optimal uptake and use of the intervention where user
compliance is required (e.g., [30]). Adherence to the inter-
vention should be measured while takinginto account that
thereis also the potential for introduction of bias here (e.g.,
courtesy bias). In some cases, innovative methods need to
be identified to assess compliance. For example, a RCT of
topical repellents against malaria measured compliance
through self-reporting of use, the proportion of lotion used
estimated from returned bottles, and ‘sniff checks’ where-
by trial staff visited villages at dusk and smelled the arms
of participants to check whether lotion had been applied
311

6

Choice and measurement of outcome measures

Epidemiological outcomes are necessary to demonstrate
the efficacy of the intervention in protecting human popu-
lations and to ensure the relevance of these studies to
public health. To date, however, many Phase III studies
often focus exclusively on entomological outcomes, which
are generally useful only for demonstrating proof of con-
cept or as a secondary outcome in support of an epidemio-
logical primary outcome. For example, a Cochrane
systematic review on larvivorous fish for malaria control
did not identify any studies with epidemiological outcomes
[3:1. The best epidemiological measure is the incidence of
clinical disease or disease-specific mortality, but for some
diseases, such as dengue, seroincidence (seroconversion in
sequential blood draws) and the prevalence of infection in
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single blood draws, including age-specific antibody preva-
lence, can be good substitutes [30,33]. Studies should use
WHO-recommended case definitions with parasitological
diagnosis, or serological or molecular verification {3438}
to allow comparison of data between studies. Qutcome
measures such as self-reported malaria as used by Kroeger
et al. in a study of repellent soap {34l are unreliable.

Detection bias can be reduced by blinding outcome
assessors to the identity of study arms and by the use of
objective and well-standardised epidemiological and ento-
mological outcomes. The latter should particularly be used
in nonblinded studies.

Entomological data should be collected in a standar-
dised fashion across study arms and sites and over time.
Ideally these sampling tools should be automated (e.g.,
CDC light trap, sticky trap, other trap or target) and not
depend on the ability of the fieldworker to collect speci-
mens (e.g., human landing catches, aspiration of resting
adults, larval surveys). Several other techniques can help
avoid introduction of bias in the measurement of entomo-
logical outcomes, including separating the field teams that
are implementing and monitoring the intervention (e.g.,
[40]).

Entomological end points are not always good predictors
of epidemiological outcomes. For example, a RCT of LLINs
for visceral leishmaniasis reported a reduction in sandfly
density in homes but did not show any effect on infection in
study participants {41 42!. The authors postulated that
transmission was also occurring outside the home and
so, although there was a reduction in indoor sandfly den-
sity, this did not reduce disease burden. Where possible, it
is preferable to use entomological outcomes that relate to
disease transmission, such as entomological inoculation
rate, rather than measures that do not, such as vector
density.

Traditional indicators of immature Aedes abundance,
such as house index (percentage of houses with larvae and/
or pupae), are a poor indication of adult production {43}
(httpfapps.whoint/irisshandle/ 10666/68575). Pupal de-
mographic surveys (pupae per person/area index) or mea-
surement of adult vector density are likely to be more
appropriate for assessing transmission risk and directing
control operations [44,45] (httpsdextranet.who intfirvis/
restricted/handle/10685/63354, hitp:/apps.who.intfivis/
handle/10665/88575). However, both measures are far
more labour intensive than larval surveys and so may
not be feasible for routine monitoring of vector populations
{A51. Because, unlike infections caused by protozoa and
nematodes, dengue virus infection results in sterilising
immunity, pupal and adult surveys are not consistently
informative about dengue risk without an understanding
of the underlying susceptibility of the human population to
dengue virus [46-48]

Avoiding performance bias

Blinding of trial participants, health-care providers, and
researchers to the intervention received by participants
can reduce performance bias. However, blinding of vector
control studies is often impossible. For example, it was not
possible to blind study participants in a RCT assessing the
efficacy of house screening versus no house screening
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against malaria [4%]. The study found that children living
in screened homes were less likely to use bed nets than
children residing in homes that were unscreened, which
may reflect a belief among householders that screening
was a substitute for bed nets. However, the effect of
performance bias in this study was minimised because
bed net use was carefully recorded and its effect could
be adjusted for in the statistical analysis. Alternatively, an
originally blinded study may become unblinded during the
study. For example, some participants in a RCT of topical
repellents became aware that the placebo lotion they were
allocated was not providing protection against mosquito
bites, which led to the withdrawal of all households in one
village {311 This kind of participant response can lead to
introduction of attrition bias.

Selection of sites for entomological monitoring
Sampling sites for entomological surveys are often chosen
purposely based on where high vector densities are likely;
for example, sites close to suspected larval habitats or
houses with unplastered walls or wood construction for
Triatoma surveys {53--52]. However, this does not measure
average community exposure to infection and there is
potential for the introduction of sampling bias if sites
are not selected in a consistent way across intervention
and control arms. We therefore recommend that sampling
sites for entomological surveys be selected randomly. It is
also possible to separate the sampling frame into strata
and sample from each stratum independently, if there is
likely to be substantial variation within subpopulations.
For example, Joshi et al. stratified dwellings into two
groups (houses occupied by humans alone and houses
occupied by humans and animals) before using simple
random sampling to select dwellings in which to measure
sandfly density {33].

Contamination or spillover effects
Contamination or spillover effects between different study
arms due to the movement of vectors {54,55] or humans
between clusters can make interpretation of study findings
difficult. Spillover that has a conservative effect (ie., it
biases results towards the null) can occur through one of
two routes. First, community-level effects of the interven-
tion can reduce the transmission intensity in neighbouring
control clusters, as occurred in a study of insecticide-trea-
ted water-jar covers and window curtains against dengue
in Mexico and Venezuela [58]. Second, movement of people
between intervention and control clusters (and vice versa)
is also able to dilute the intervention effect because a
person’s risk of infection is proportional to the amount of
time he or she spends in versus out of the treatment area. If
the protective effect of an intervention or the sample size of
the study is sufficiently large, a positive result can still be
demonstrated in a superiority trial, albeit with reduced
intervention effect. However, a negative finding of ‘no
difference’ in such a trial is harder to interpret and a
critical question arises. Is the lack of effect due to spillover
or due to the absence of efficacy of the new intervention?
A more serious problem arises if the spillover effect is
anticonservative, because it exaggerates the difference in
outcomes between the intervention and control arms of the
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study. For example, topical repellents or house structural
changes that have no killing effect on mosquitoes may
divert vectors to nonusers in the control arm of the study,
putting them at higher risk of infection than they would
otherwise have been {57 53]

Hayes and Moulton [24] outline several methods for
reducing contamination, including ensuring clusters are
well separated, using a buffer zone so there is no common
boundary between intervention and control clusters, as
shown in a larval source management study conducted
in Tanzania [59], or a ‘fried-egg’ design where the inter-
vention and control are administered throughout the clus-
ter but only the central portion is used for outcome
measurement {50!, When designing these types of studies
it is, therefore, important to have an estimate of how far
the vector is likely to fly in seeking a blood meal or a
breeding site. Georeferences of cases that constitute the
outcome measure should be recorded to show whether
there were edge effects due to contamination. This tech-
nique has been used to estimate the size of area-wide
effects in studies of LLINs for malaria control {61]. Unin-
tended consequences of topical repellents can be avoided by
randomising only a relatively low proportion of individuals
or households in a village to receive the intervention
{31,62,831. Tackling the problem of human movement in
dengue studies is more difficult because Aedes aegypti
feeds during the day when people are engaged in their
daily activities. Potential strategies to avoid this would be
to use larger cluster areas or monitor epidemiological
outcomes in a sentinel cohort that is less mobile (e.g.,
young children) [#4]. Even if these steps are taken it is a
good idea to collect travel histories from study participants,
particularly if the intervention is located in a household. In
this way, participants can be excluded from the per-proto-
col study analysis if they have travelled for significant
periods of time and, therefore, spent a relatively brief time
being exposed to the intervention (e.g., [85]).

Contamination can also be a problem in crossover trials
if the washout period is insufficient. While crossover trials
may be suitable where the washout period is short (e.g.,
larvicide with a short half-life {65}), they should be used
with caution where interventions are persistent (e.g., DDT,
habitat manipulation).

Need for sample size calculations

Sample size calculations are performed before conducting a
study to quantify the power that the study has to show an
effect of the intervention and thereby answer the study
question (Box 2). The effect of a small sample size is on the
standard error of the outcome measure; that is, it will lead
to large confidence intervals around the estimated effect
and hence poor precision. The sample size needs to be large
enough to ensure that the probability of a type II error
is reasonably small, generally 10% (= 90% power) or 20%
(= 80% power). Sample size calculations should be per-
formed for all study outcomes, whether epidemiological or
entomological. We identified several studies that did not
report conducting sample size calculations for epidemio-
logical and/or entomological (e.g., [67-71}) outcomes, in-
cluding several studies that failed to show an effect of the

7

intervention {73,732}, indicating that the lack of an effect
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Box 2. Power and sample size calculations [81-83}

When conducting a study there are two hypotheses that need to be

considered: the null hypothesis {there is no difference between the

two interventions) and the alternative hypothesis (there is a

difference between the two interventions or, more commonly for

superiority trials, the novel intervention is more protective than
standard practice). When testing a hypothesis there are two types of
error possible:

e Type | error, or «. We reject the null hypothesis incorrectly (i.e.,
there is no effect but we report that there is}.

e« Type Il error, or A. We incorrectly do not reject the null hypothesis
(i.e., there is an effect but we fail to detect it).

Several factors need to be considered when calculating sample
sizes.

e The prevalence or incidence of the outcome in the control group.

e The expected effect size of the new intervention. it is important to
be clear about what is the smallest size of effect we deem to be
relevant from a public health or clinical perspective; for example,
a study assessing the effect of house screening against exposure
to malaria vectors established at the beginning of the trial that full
screening or screened ceilings would be recommended if they
reduced house entry by malaria mosquitoes by at least 50% [4%].

e Significance level (P value). This represents the probability of a
type | error; generally 0.05 is used, which means that we have a
5% probability of a type | error.

e Power. The power of a study is the probability of not committing a
type Il error, or 1 — B (e.g., if we have a 20% probability of a type |l
error, the power is 80%).

Many vector control trials use a clustered design. For cluster-
randomised trials, two additional factors need to be taken into
account:

e Average cluster size.

¢ The coefficient of variation, k, which measures the level of
between-cluster variation of the outcome.

This Is important because outcomes measured in individuals or
sampling sites within the same cluster are likely to be correlated. A
large value of k implies substantial between-cluster variation in the
outcome, which makes it harder to show an intervention effect
unless the sample size is increased.

It is recommended to consult an experienced statistician to assist
with sample size calculations, particularly for cluster-randomised
trials.

may simply be due to the study being underpowered.
Parameters required for sample size calculations such
as the prevalence or incidence of the outcome in the control
group or the coefficient of variation may not be readily
available [30], although the former can be estimated from
a survey conducted before the study’s start if it is not
known.

Vector control trials generally use a cluster design.
Since outcomes measured in individuals or sampling sites
within the same cluster are likely to be more similar than
those between clusters, the sample size calculation needs
to take this into account and a larger sample size is
required than when a nonclustered design is used (Box
2). Hayes and Moulton recommend the use of six clusters
per arm as an absolute minimum and it is generally better
for cluster-randomised trials to have a higher number of
smaller clusters than fewer large clusters {24}, We identi-
fied a large number of published vector control trials that
used two villages 74,75} or two areas {78,77], one in which
the intervention was introduced and the other acting as a
control. This is a poor design because the use of only two
clusters means that the intervention effect is completely
confounded by study site and effectively constitutes a
sample size of one {75,781,
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andomise
controlled trial

Caontrolled before-
and-after study

Randomised controlled
time series

Interrupted
time series

Crossover study

Not applicable

Two or more transmission seasons

and one transmission seasaon after

Al least one transmission season for entomological data if
sampling sites are nonrandomily selected

Al least one transmission season, especially if entomological
sampling sites are nonrandomily selected

{two seasons is desirable)

At least one fransmission season

Two or more transmission seasons

Two or more transmission seasons

Al least one transmigsion season before crossover {and washoiit)

*Transmission season may be shorter than a 1-year period or a whole year if transmission is perennial.

Deciding on the duration of the follow-up period
Insufficient periods of follow up plague many vector control
trials. For example, a RCT of topical repellents against
malaria in Ethiopia conducted two malaria prevalence
follow-up surveys 1 month and 2 months after the baseline
survey {80}, This study is unlikely to give a true picture of
the efficacy of the repellent since compliance with the
repellent would probably remain high during this short
time period but decline over a longer time period. It is also
worth noting that Plasmodium falciparum infections last
on average 1 year [81,82], although they can persist for up
to a decade or longer {83}, and it takes several years for this
indicator to re-equilibrate fully following a reduction of
transmission {54,585,

For entomological outcomes, follow-up periods need to
be sufficiently long and repeat measurements need to be
taken to gain a picture of transmission in the area (e.g.,
[88,871). This is because there is likely to be large variation
in vector density between sampling sites and across differ-
ent sampling periods (night to night, week to week, or over
a transmission season) due to environmental factors such
as rainfall. Designs in which entomological sampling is
conducted once during the follow-up period are less likely
to give reliable results due to inherent variability in vector
populations even if the number of sampling units is high.
Longer periods of follow up with repeat measurements can
be used to assess whether the effect of an intervention is
waning (e.g., IRS with a short-lasting insecticide) and to
determine how often the intervention needs to be replaced
or reapplied.

We recommend that minimum pre- and postinterven-
tion follow-up periods be used for epidemiological and
entomological data collection, the duration of which differs
depending on the study design chosen and the context of
pathogen transmission (Table 1).

Concluding remarks

We have identified common problems with vector control
studies and provide suggestions on how these can be
improved. We also illustrate that some study designs
are methodologically stronger than others. While hierar-
chies based on study design are somewhat controversial
(hitp:ffwww. alliancedusefulevidence org/publication/
what-counts-as-good-evidence-february-2013/), we believe
they remain useful in addressing the evidence for what

interventions work, particularly when combined with a
broader evaluation of the quality of the evidence as offered
by GRADE [14,15]. More specifically, the GRADE rating of
evidence takes into account numerous factors in addition to
study design {14,18{. This means, for example, that a
poorly conducted RCT with a high risk of bias does not
necessarily constitute better evidence than a sound obser-
vational study with a large effect size.

We suggest that there are several reasons why many
vector control studies have historically been designed and
conducted in a less-than-optimal fashion. First, a lack of
resources may have limited the extent to which entomol-
ogists could conduct large-scale, well-designed studies.
This may help explain the large number of two-village
comparison studies and studies without epidemiological
outcomes. The impact of shortfalls in resources is exacer-
bated by issues associated with implementing environ-
mental interventions on a large scale and the urgent
need for VBD control. Second, medical entomologists have
traditionally not been taught epidemiology or have not
worked in an integrated fashion with epidemiologists. It
is necessary to upgrade this aspect of the skill set of
medical entomologists, to include epidemiology in medical
entomology course curricula, and for epidemiologists to
partner with entomologists in conducting intervention
assessments.

New vector control tools are urgently needed to reduce
the burden of VBDs. In highlighting key problems with the
design and conduet of vector control tools and suggesting
remedies we hope that this manuscript will provide an
impetus for upgrading the evidence base on vector control
interventions. The present lack of rigorous, evidence-based
vector-borne intervention assessments is an obstacle to
innovation in disease reduction. It also wastes a consider-
able amount of money, time, and energy. Improving the
quality of future vector control trials will not only save
valuable resources but will also expedite the process of
achieving recommendation from the WHO for the roll out
of effective new interventions.
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Hosted by the Puerto Rico Brain Trust for Tropical Disease Research and Prevention, an initiative of the
Puerto Rico Trust for Science, Technology and Research.

Organizers:

José F. Cordero MD, MPH. Director, Executive Director, Brain Trust for Tropical Disease Research and
Prevention. Patel Distinguished Professor of Public Health and Chair of the Department of Epidemioclogy
and Biostatistics in the College of Public Health at the University of Georgia. jcordero@ugas.sdu

Leslie Maas Cortes, MHS. Program Manager, Puerto Rico Brain Trust for Tropical Disease Research and
Prevention. maas@praciencetrustorg, lesmaascortes@yahoo.com

Jack Newman, PhD. Director, Zagaya.org, a non-profit organization.
newman@ragaya.org

This Technical Workshop can be summarized by five points:

¢ The Aedes aegypti mosquito is the root cause of Dengue Fever, Chikungunya and Zika transmission.

¢ Experts in mosquito control and public health convened in Puerto Rico to determine the feasibility
of eliminating Ae. aegypti infestation from the island.

e There was broad agreement that the elimination of Ae. gegypti and the diseases it carries is
complex but feasible through Integrated Vector Management using physical, chemical and
biological interventions on an area-wide basis.

e Public engagement and authorization is critical to program success including building partnerships
with Puerto Rican communities and stakeholders.

e Strong leadership, dedicated program management, and autonomy of the entity charged with the
execution of this campaign are essential to successful elimination.
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EXECUTIVE SUMMARY: Findings from the Technical Workshop to Create a Safe, Effective and
Integrated Strategy for Control and Elimination of the Aedes aegypti Vector from Puerto Rico.

The Aedes aegypti mosquito is the root cause of Dengue Fever, Chikungunya and now Zika transmission,
which has brought a new level of urgency to eliminate this mosquito. On May 24, 2016 a workshop of
47 technical experts in mosquito control and public health was hosted by The Puerto Rico Trust for
Science, Technology and Research. Experts focused on answering the question, “Can the Ae. aegypti
mosquito be controlled or eliminated in Puerto Rico thereby eliminating the disease? If so, how?”

Our conclusion was that it is possible to eliminate Ae. aegypti from Puerto Rico with a well-managed
vector control program. While elimination is possible, we also concluded that the Ae. aegypti
population could first be reduced below the threshold of disease transmission and, from that vantage
point, the decision to fully eliminate this mosquito can be taken based on a cost-benefit analysis. Area-
wide elimination of Ae. aegypti has been done before and, in our opinion, it can be done again. Our
work included an assessment of the mosquito control methodologies available today, the current state
of mosquito-borne disease in Puerto Rico and a review of historical elimination programs that have
successfully eliminated disease-carrying mosquitoes. The full report outlines: 1) the interventions that,
when properly integrated, have a high probability of controlling or eliminating Ae. aegypti; 2) the near-,
mid- and long-term introduction of each vector control tool; and 3) the infrastructure and leadership
that must be in place to ensure effective execution of the project.

Safe and effective tools to deploy the mosquito control program include physical interventions to
eliminate breeding sites, chemical interventions that kill larvae and adult mosquitoes and biological
interventions, notably the inundative release of male mosquitoes that cannot productively mate,
thereby preventing female mosquitoes from producing the next generation; this method is broadly
referred to as the Sterile Insect Technique (SIT). Integration and management across interventions
along with data on mosquito populations and geographical disease burden is essential to the success of
the program. The first year of a program should be the most intensive. A master plan of how
interventions will be staged over time and by geography for maximum effect should be created at the
outset. The plan should be widely shared as part of a community engagement strategy. Regulatory
issues should be identified with an action plan for safe and expedient oversight by the appropriate
agencies. In this first year, physical and chemical interventions will be prominent while biclogical
intervention {SIT) manufacturing facilities are being constructed in Puerto Rico. Elimination of Ae.
aegypti infestation will focus on highly burdened regions of disease in Puerto Rico, with SIT finishing the
job in years two and three. From there, a “rolling front” of elimination will move on to second-tier
disease-burdened regions. The decision to eliminate Ae. aegypti from the entire island will be taken in
year four using cost-benefit analyses based on regional elimination. As elimination is achieved, on-going
port-of-entry surveillance and control operations should be maintained to prevent re-infestation.

The interventions proposed were well understood with a high degree of consensus across the experts.
We converged on one critical missing piece for implementing these recommendations: to effectively
execute any mosquito control program requires a dedicated, autonomous mosquito control
organization with the mandate to execute the program. It seems Puerto Rico is missing this basic
capacity, which exists throughout the continental US in the Mosquito Control Districts {e.g. the Florida
Mosquito Control Districts). Therefore, above all, Puerto Rico should establish a Mosquito Control
Commission to carry out the Ae. aegypti control program and maintain it after the current crisis is solved
to ensure that the island never faces this threat to human health and the economy again.
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FULL REPORT: Findings from the Technical Workshop to Create a Safe, Effective and Integrated
Strategy for Control and Elimination of the Aedes aegypti Vector from Puerto Rico.

The Aedes aegypti Mosquito: Root Cause of Zika, Dengue and Chikungunya Disease Transmission

The Aedes aegypti mosquito vector is the root cause for transmission of several serious infectious
diseases including Dengue, Chikungunya, and Zika'?. Dengue has been an endemic health problem in
Puerto Rico for decades and globally more than 390 million people are infected yearly®. Some estimates
place Dengue infections at 3.9 billion worldwide®®. Chikungunya has caused illness, loss of the ability to
work and has resulted in long lasting consequences for many Puerto Ricans®. The Zika epidemic, with the
serious consequences of microcephaly, Guillian-Barré Syndrome and potential long-term neurological
disorders, has brought a new level of urgency to eliminate Ae. aegypti, the source of transmission’. Ae.
aegypti-transmitted diseases have also brought severe economic consequences to Puerto Rico with
cumulative losses in the hundreds of millions of dollars due to associated health costs and cancelation of
tourism and sporting events®.

A Community without Aedes aegypti Mosquito Infestation is Free from the Diseases It Transmits

On May 24, 2016 a workshop that brought together 47 technical experts in mosquito control and public
health was convened by The Brain Trust for Tropical Disease Research and Prevention, an initiative of
The Puerto Rico Trust for Science, Technology and Research. The group explored an integrated vector
elimination strategy for Ae. aegypti in Puerto Rico. The workshop focused on answering the question,
“Can the Ae. aegypti mosquito be eliminated thereby eliminating the disease? If so, how?”

Our workshop concluded that it is possible to eliminate Ae. aegypti from Puerto Rico with a well-
managed vector control program. While elimination {defined as greater than 90% reduction in Ae.
aegypti populations island-wide) is possible, we also concluded that the Ae. aegypti population may be
first controlled and, from that vantage point, the decision to eliminate Ae. aegypti can be taken based
on a cost-benefit analysis®. Health objectives are met most effectively by focusing on highly infested
areas with the most disease. Area-wide elimination of Ae. aegypti has been done before on a scale that
far exceeds that of Puerto Rico and, in our opinion, it can be done again.

Our work included an assessment of the mosquito control methodologies available today, the current
state of mosquito-borne disease in Puerto Rico and a review of historical elimination programs that have
successfully eliminated disease-carrying mosquitoes, for example Fred Soper’s elimination program of
the African malaria vector Anopheles arabiensis from a 54 thousand km? area in Brazil in 1939% or
Oswaldo Cruz’s campaign against Ae. aegypti*l. These campaigns eradicated disease in the Americas
through the 1950’s. However, by the 1970’s failure to maintain control measures led to the resurgence
of mosquito-borne disease. Much has changed since prior “top down” elimination campaigns; we live in
a dynamic, modern and democratic society. Cargo transport has facilitated the spread of Ae. aegypti
while discarded tires and plastics have aided its breeding'?. Enforcing the clean-up of mosquito
breeding sites on private property today may be more challenging but modern times have also given us
powerful tools to fight this mosquito. On balance, it is our conclusion that by combining the traditional
and modern tools for mosquito elimination with good leadership, the odds of successful mosquito
elimination today are better than ever. This report outlines: 1) the interventions that, when properly
integrated, have a high probability of eliminating Ae. aegypti and maintaining elimination; 2) the near-,
mid- and long-term introduction of each vector control tool; and 3) the infrastructure and leadership
that must be in place to ensure effective execution of the project.
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Recommended Safe and Effective Physical, Chemical and Biological Strategies

Safe and effective tools for mosquito control can be grouped into three main categories: physical,
chemical and biological interventions. Physical interventions include the physical elimination or removal
of breeding sites. Chemical interventions are defined as the use of registered insecticides that kill
mosquitoes directly. For the purposes of this study, biologically produced larvicides such as Bti (Bacillus
thuringiensis israelensis}, are classified as chemical interventions because they are operationally
deployed identically to chemical larvicides®®. Biological interventions refer to active living organisms
that reduce mosquito populations, including mosquito-eating fish, entomopathogenic fungi, and
especially the inundative release of sterile male mosquitoes preventing females from producing the next
generation of mosquitoes (SIT). Finally, good intelligence on mosquito prevalence and breeding sources
as well as geographical disease burden is essential to establish a baseline and monitor the success of the
program.

Recommended Physical interventions emphasized the reduction of Ae. aegypti breeding sites (water
meters and septic tanks). Physical interventions tend to be labor intensive and require a high degree of

public compliance because of the need for resident participation. If well executed, community
programs can empower citizens to reduce breeding areas in and around their homes, creating a
community that is invested in the solution. It was recommended to engage local communities through
outreach programs as well as to train and manage a large team of breeding-source reduction employees
to do routine island-wide clean-up of breeding sources. Expert management of this team is
recommended to bring efficiency to this labor-intensive activity. Modern, mabile phone-based
communication and social media could be employed to facilitate good communication with commonly
available technology. Excellent compliance will need to be enforced. However, in the Puerto Rican
context, incentives may be more effective than punitive measures. Fines for failure to remove breeding
sites from private property must be a strong option, but might not be the first option if incentives work.

Recommended chemical interventions. It was generally recommended to use a combination of safe (EPA
approved) and effective larvicides and adulticides. Ae. aegypti have become resistant to many

adulticides and a database of resistance should be widely disseminated to guide usage. It is important
to quickly bring the regulation of insecticides in Puerto Rico in line with the continental United States
and eliminate multiple layers of regulation that are peculiar to Puerto Rico®. For example,
organophosphates and insect growth regulators are insecticides to which local Ae. aegypti are still
susceptible, but regulatory issues have complicated their use specifically in Puerto Rico. Because Ae.
aegyptiis a day-biting, indoor-resting mosquito, special attention must be paid to insecticide
application. Indoor Residual Spraying is most likely to control the Ae. gegypti vector and reduce disease
if applied by trained personnel that understand where Ae. aegypti spends time in the house®®. There is
some controversy on the use of over-the-counter (OTC) products that could be used by consumers. OTC
products may help people reduce Ae. aegyptiin their homes, but there is a possibility of user abuse
which puts health, safety and efficacy at risk. Outdoor residual spraying may be practical in areas where
outdoor Ae. aegypti populations are higher than average or where access to the inside of
homes/businesses is difficult. Aerial and ground spraying by truck should be guided by an
understanding of how the insecticide will effectively come in contact with the target, Ae. aegypti or its
breeding sites'®. One clever way to deliver larvicides to cryptic breeding sites is to use Auto
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Dissemination (AD) traps. AD traps destroy distal breeding sites as the mosquitoes visiting the AD trap
pick up a larvicide and transport that agent to hidden breeding sites. Since Ae. aegypti breeds in places
that are hard to reach, the AD trap exploits the mosquito’s egg-laying behavior to find and treat hard-to-
reach breeding sites’. Another emerging tool is luring adult Ae. aegypti to traps baited with either
attractive toxic sugar baits, or moisture for resting or oviposition. Above all, a trained labor team
managed by mosquito control experts is needed for the implementation and close monitoring of an
island-wide chemical intervention strategy.

Recommended Biological Interventions. A major tool that has not previously been widely available at

scale for mosquito control is the Sterile Insect Technique {SIT)*%. This method relies on the release of
male mosquitoes that effectively find and mate with females but cannot produce viable offspring.
Because males do not feed on blood or transmit disease, they can be released safely in large numbers.
By inundating the area with these male mosquitoes that cannot bite or productively mate with females,
the population can be dramatically reduced or eliminated. Since this intervention relies on mating
within the Ae. aeqypti species only, there is no collateral damage to other insect species, mammals or
birds. Because Ae. aeqyptiis a non-native invasive species that makes up only ~1% of the mosquito
population, there is little if any disruption to the ecosystem upon targeted removal. The United States
Department of Agriculture (USDA) presented several success stories of area-wide elimination of
agriculturally important insect pests using a combination of chemical insecticides and the Sterile Insect
Technique. SIT has been extensively used for over 50 years for the population control of major
agricultural insect pests and disease vectors. In these cases, irradiation has been used to sterilize males,
which are then released to find females and prevent future offspring®. USDA has implemented this
method to eliminate insect pests with great success. Screw-worm?, Pink Bollworm?' and Medfly?* are
examples of area-wide insect elimination over geographies hundreds of times larger than Puerto Rico.
Releasing insects from aircraft has proven cost-effective for covering large areas. Engineers have now
developed methods to deliver sterile Ae. aegypti from aircraft??,

Three types of SIT were presented that could be used to control or eliminate Ae. geqypti®. First,
a genetically engineered Ae. aegypti has been developed to produce males with non-viable offspring.
Field results were presented from outdoor pilot programs in several countries resulting in >30%
reduction of Ae. aegypti with this genetically engineered mosquito®?®. Second, male mosquitoes may
be infected with the bacterial endo-symbiont Wolbachia to produce males that cannot productively
mate with local females if they do not carry the same bacteria®”’. Promising semi-field results were
presented and the first outdoor field trials of these infected male mosquitoes are in progress now.
Finally, as demonstrated by the USDA programs, irradiation can be used to create sterile male
mosquitoes. For mosquitoes, the combined irradiation and treatment with Wolbachia was proposed
which allows the release of sterile males while at the same time ensuring that there will be no release of
fertile and/or pathogen transmitting females?®?°, Promising semi-field results were presented and the
first outdoor field trials of this combined approach are in progress now.

The experts from this workshop recommend some form of SIT as part of an Integrated Vector
Management strategy to eliminate Ae. aegypti because of the demonstrated success in area-wide
elimination of other pests by USDA. With several attractive SIT options, the right option should be
chosen based on the greatest likelihood of safe and effective elimination of Ae. aegypti with special
attention paid to logistical requirements and operational feasibility.

ED_005208A_00181440-00040



Monitoring of Ae. aegypti mosquito populations and Ae. aegypti-associated disease

The Centers for Disease Control and Prevention along with Puerto Rico Department of Health currently
track Ae. aegypti-associated disease regionally across Puerto Rico, including Dengue, Chikungunya and -
Zika®*, We recommend supporting this disease monitoring over the course of the Ae. aegypti
control/elimination program as the ultimate measure of program success. As an immediate indicator of
Ae. aegypti control, we recommend the trapping and monitoring of the adult Ae. aegypti using Autocidal
Traps of some form®. These traps are used to monitor populations, but can also be used in higher
density to significantly reduce mosquito populations. Population data from trapping must be
aggregated, processed and presented to track and manage program interventions. The data may also
be useful to share vector elimination efforts transparently with policy makers and the public 3. With a
geographical view of the Ae. aegypti infestation and disease distribution, the program should first focus
on highly burdened areas for elimination, such as Caguas, San Juan and Ponce. Upon successful
elimination in these high burden areas, the program may confidently expand to second tier burdened
areas (see timeline). Continued monitoring provides feedback on intervention strategies island-wide.
Monitoring of strategic areas, such as points of entry, will be indefinite and accompanied by a Quick
Reaction Force (QRF) that can be deployed immediately to suppress incursions from ports of entry.
Experts propose using the mosquito and disease data in conjunction with demographic data and climate
and weather patterns to inform statistical modeling programs developed outside the program in
academia **. In the future, such models may help prevent or prepare for vector disease outbreaks
globally.

Community engagement and participation

Even the most solid interventions can fail for lack of public participation, or understanding of the health
objectives or consideration of the community and context of the intervention. In this case, “top-down”
interventions are at risk if the community rejects the intervention at the outset or is unable to sustain
the intervention over time. A modern program might be neither “top down” nor “bottom up”, but seek
to hybridize the strengths of each approach®?®, While the new tools for mosquito control may be more
effective in eliminating Ae. aegypti, departures from traditional methods may bring controversy.
Concerns about the environment are now featured in public consciousness and should be addressed in
the pursuit of public health. In addition, active public engagement and authorization is critical to
program success and we recommend building partnerships with communities and other stakeholders®.
We recommend the use of interviews, focus groups, and town hall meetings to understand attitudes
and practices of the communities in which the programs will be executed. Household and school-based
awareness programs, communication strategies and media campaigns that reach every part of the
community are important. Encouraging community-based vector-control strategies that promote
cleaning up breeding sites engage the community in the program while reducing the source of
mosquitoes. Strategies that empower communities to contribute to the source reduction may have
higher acceptance rates, visibility and impact on vector densities®,

Timeline for Implementation of Interventions
Short term — first year. Experts agreed that the first year of a program should be an intensive period of

activity. A master plan of how interventions will be staged over time and by geography for maximum
effect should be created at the outset of the program. The plan should be widely shared and gain the
support of all stakeholders as part of the engagement plan. Specific community issues should be
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recognized up front with an action plan to address each issue. Regulatory issues should be identified in
advance and an action plan created for safe and expedient oversight by the appropriate agencies. An
over-arching mosquito control authority must be established as a first priority. In this first year,
Autocidal Traps will be deployed and a monitoring system will be put into place that interfaces with the
current disease monitoring at the Centers for Disease Control and Prevention and the Department of
Health. This monitoring system will incorporate other relevant factors, such as climate, rainfall,
mosquito dwelling and biting behaviors, characteristics of humans infected, geographical location of
traps with regard to housing and other useful data. A baseline Ae. aegypti population map should be
created paying special attention to areas of urban density and large municipalities where Ae. aegypti-
associated diseases have been most prevalent. Physical and chemical interventions should be deployed
with great vigor focusing particular attention on the training and management of the labor force that
will be deployed to clean up breeding sites and deliver insecticides to the targets. Auto Dissemination
(AD) traps should be deployed to get at hard-to-reach breeding sites. This first year is critical for the
establishment of the SIT program, which may be fully deployed in year two. A call for proposals in the
first three months will identify the appropriate SIT intervention and provider(s).

Mid-term — second and third year. In the second year, the interventions that were initiated in year one

will be expanded. Ae. aegypti population data will become available to evaluate the effectiveness of
interventions and the most effective strategies will be reinforced. In the second year, SIT will become
available and, where Ae. aegypti populations have been knocked down, SIT may be used to regionally
eliminate Ae. aegypti. Concentrating the SIT intervention to follow physical and chemical interventions
in high-disease-burdened municipalities, such as San Juan or Ponce, should visibly drive down disease in
this critical second year building momentum to reinforce the program’s elimination objectives.

As regional deployment of SIT eliminates the remaining Ae. aegypti in high disease-burden
areas, the intensity of the physical and chemical interventions may move to the second tier of disease-
burdened geographies in year three. This will create a “rolling front” of Ae. aegypti elimination with
intense physical and chemical interventions on the leading edge and SIT deployed for elimination
expanding behind the leading front. Experts recommend maintaining diligent monitoring of Ae. aegypti
and associated disease in cleared areas so that Ae. aegypti does not outflank the program. Continuing
public engagement at this time is important as the disease burden begins to wane and the public’s
priorities may shift. Although not a part of vector control, by year three the possibility of vaccines to
address Dengue, Chikungunya and Zika will be more apparent. While a Dengue vaccine is available in
several countries, approval by the US FDA is still pending. Vaccines for Zika and Chikungunya are in
development and may take more than a decade to be clinically tested and approved.

Long term — year four and five. At this point we should have a view on the “end game” and what regions
remain for elimination. With the experience of the previous three years, we can examine the cost-
benefit of elimination of Ae. aegypti versus control. As we have learned from other SIT programs for
agricultural pests, elimination of Ae. aegypti with SIT may be less costly than allowing a low-level
persistent population that can serve as a reservair for re-infestation. Alternatively, permanent
suppression of mosquito populations in towns and cities may be cheaper than constant high density
monitoring and island-wide preventive sterile releases to avert re-infestation in Puerto Rico. A detailed
cost-benefit analysis will be needed.
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If elimination is chosen, ongoing monitoring of Ae. aegypti importation and spot removal is essential, as
is done for the medfly SIT program maintained by the USDA in California. Using these programs as a
guide the Ae. aegypti program in Puerto Rico may employ similar port-of-entry surveillance and island-
wide monitoring to detect local mosquito outbreaks®. Control measures may include continued
preventative release of sterile males, lethal trapping and insecticidal control in areas that are vulnerable
for introductions. Finally, if a vaccine for Dengue, Chikungunya and Zika has become available for
distribution, we may consider this alternative, assuming a plan to vaccinate is in place, especially for
pregnant women.

Management, Infrastructure and Capacity-Building

The interventions proposed were well understood, leading to a higher degree of consensus than
expected across the 47 workshop experts. in the end, we converged on one critical missing piece for
implementing these recommendations: to effectively execute any mosquito control/elimination
program requires a dedicated, autonomous organization with the mandate to execute the program. It
seems Puerto Rico is missing this basic capacity, which exists throughout the continental US in the
Mosquito Abatement Districts (e.g. the California and Florida Mosquito Control Districts)*4,

Therefore, above all, Puerto Rico should establish a Mosquito Control Commission to carry out the Ae.
aegypti control or elimination program and maintain it after the current crisis is solved. To ensure the
technical capability required for program activities, we suggest that the Puerto Rico Mosquito Control
Commission should be led by a mosquito control professional like those that run mosquito control
districts elsewhere in the US with a long-term commitment and funding. This Director must have the
authority and budget to execute an ambitious plan, just as Fred Soper had when he eliminated disease-
carrying mosquitoes in his day. Because mosquito control is not an activity well suited to a medical or
agricultural agency, it is imperative that the commission is independent from existing governmental
structures and budgets. A Board, which may include representation from the PR Department of Health,
CDC, Department of Agriculture and Natural Resources, for example, could appoint the Director. The
Board should be charged solely with the oversight of the Director, with the authority for hiring the
Director and holding him/her accountable for results. The Director should have complete autonomy and
accountability for the elimination program. This Commission should continue over time so that once Ae.
aegypti and the mosquito-borne diseases are under control and out of the public consciousness, a
preventative program remains. The Zika, Chikungunya and Dengue epidemics occurred for lack of
sustained vector control. Constant vigilance is required to prevent the resurgence of mosquito-borne
diseases, those we know and those yet to emerge.

In Summary

The resurgence of serious diseases transmitted by the Aedes agegypti vector is one of the most urgent
and important health issues for Puerto Rico today and its resolution can be found in the elimination of
the vector. Vector control and preferably elimination is the only sustainable solution for Puerto Rico to
thrive, turning around this crisis in public health as well as what is happening in the loss of tourism,
movie production, and sporting events because of mosquito-borne diseases. Failure is not an option.
Experts have made recommendations to address Dengue Fever, Chikungunya and Zika in Puerto Rico
through vector control, the basis of disease transmission. The proposed first step to implement those
recommendations is the formation of the Puerto Rico Mosquito Control Commission.
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We were already used to our every summer dengue.
A seasonal epidemic that has happened in a relatively
predictable repeated manner, since the late 1980s. A
condition that is closely related to the seasonality of its
urban, domestic, anthropophilic and synanthropic vector.

Due to the absence of effective and large-scale
vaccines, and to the lack of a specific treatment against
dengne symptoms, the general guideline is to focus on
the reduction of the vector density. This was the routine
of service managers and health agents.

Most of Aedes aegypti breeding sites are located
inside households, and in the past years this knowledge
initially contributed to place the responsibility on the
population. The discussion that followed — "whe's the
guilty?" — deviated the focus from key issues: sanitation,
access to piped water, waste collection, mobilization,
disease prevention and health promotion, citizenship etc.
The debate has evolved and nowadays the participation
of society, in a collective effort, is stimulated.

Everything seemed to go as planned; our problems
were being handled (despite sweeping some under the
carpet) and nothing was bevond the usual discomfort
we were used to manage so far.

Then, a sanitary earthquake takes place in the country,
with several shock waves: first, the imminent arrival
of chikungunya virus, with an alarming possibility of
long-term health compromise of patients;* the second
was a smooth wave, the emergence of the Zika virus,
apparently a disease with mild and short-lived symptorns;”
the thivd wave of this sanitary earthquake came with
microcephaly in babies, Guillain-Barre syndrome in
adults, and also other potential neurological damages.

Correspondence:

Panic takes over. It mobilizes the population, media, and
service managers, reaching other countries and leading
to the recognition by the World Health Organization
(WHO) that Brazil is passing through an international
public health emergency*

The world's attention turns to Brazil. The pressure
here is felt individually and collectively, inside and
outside the acaderny and the health services environment.
People try to create individual solutions to protect
themselves and repellents disappear from the shops’
shelves; magic recipes for protection and control against
the mosquito vector multiply on social networks, and,
besides that, charges against the possible culprits, in the
best "conspiracy theories” style, arise. After all, it seems
that evervone understands a bit about communication
and vector control. A significant part of the media,
opinion multiplies; engages in mobhilizing the society
to participate in preventive actions; researchers are
called 1o collaborate and many questions come up.

Some scientists are quick to bring solutions to control
the vector, either with already known technologies or
with "innovative” or "alternative” approaches. Biomedical
solutions include since refurning to the emphasis on using
insecticides by the method of ultra-low volume (ULY,
also known as ‘fogging’ in many parts of the country)
to releasing sterile mosquitoes (produced by genetic
modification or by irradiation),’® as attempts to reduce
the vector populations. The “Wolbachia-based strategy”,
a sustainable technology that replaces the populations of
Aedes aegypti by individuals that are not able to transmit
the virus, is also at hand.” In other knowledge fields,
initiatives that are inspired by the attention given by
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human and social sciences to communities, citizenship
and the environment begin to gain relevance, reflecting
the maturity of the country in recognizing that diseases
transmitted by vectors transcend the sphere of Health
Care and require intersectoral actions.™

In this context, the International Meeting for
Implementation of New Alternatives for Aedes aegypti
Control was held in February 2016 in Brazil under
the coordination of the National Program for Dengue
Control (PNCD), a program that belongs to the Ministry
of Health. At that meeting, technologies with the potential
to be implemented in the affected cities were evaluated,
considering the stractural and operational issues of
vector control in the country.™ At that time, some of
the methodologies were considered and distributed
into the three categories presented below.

1} Recommended approaches for
immediate inclusion in PNCD

In this category three initiatives were included. All
of them have heen previously tested in some Brazilian
municipalities with satisfactory results and were
considered viable to be incorporated into the country's
control actions without a significant impact on the
program Costs or routine:

- The strategy known as eco-bio-social, which focuses
on social participation and environmental management
in controlling the vector.* This approach significantly
reduced the vector density in Fortaleza, Ceard State, and
is already being applied in two other municipalities,
as requested by the Ministry of Health: Goidnia, Goids
State, and Belo Horizonte, Minas Gerais State,

- The risk mapping takes into consideration the spatial
heterogeneity in the distribution of infections. This
methodology uses relatively simple methods to identify
areas that persistently accumulate dengue cases. The
proposal, in this context, is to enhance the interventions
in those areas. ™"

- The spread of larvicide mediated by the mosquitoes
themselves, which act as disseminators.™ The strategy
is based on the fact that 4 aegypsi females spread
their eggs in many breeding sites, reaching breeding
spots that are inaccessible to men, especially in wrban
environments which are disorganized and are in a
vulnerable situation. Mosquito mediated pyriproxyfen
dispersion, the larvicide currently used by the PNCD,
was conducted in the Amazon region by previously

Epideminl. Serv. Sauds, Rrosilio,

trained endemic control agents. A reduction of the
vector density of at least ten times was verified.”

2} Recommended approaches for
inclusion in PNCD in special situations

In this category, actions aiming the protection of
pregnant women, considered a priority group on the
epidemic of Zika virus, were listed. For this group, the
recommendation was to include in the routine of the
Program the use of window and door screens, with or
without insecticides, to keep the mosquitoes away, the
distribution of repellents for personal protection and
the possibility of intradormiciliar insecticide spraying.
However, the impact of these measures on the budget
of Brazilian cities, even if applied only to this particular
group of people, is an issue that cannot be overlooked.
Restricting public resources to be used primarily on
protecting public places, such as health facilities and
schools, is 2 possibility to be considered.

3} Potentially promising technologies

This category included strategies that cannot be
incorporated immediately in the 2NCD either because
their cost is incompatible with the available public
resources, or because the schedule for national-level
implementation is not feasible in the short-term, or
even because they add important operational issues,
such as a deep change in the routine of health agents —
which requires time and planning. Wolbachia-infected
mosquitoes, sterile mosquitoes and the application of
spatial repellents for homes were added here.

Sterile males aim to reduce vector populations. Their
sterilization is achieved genetically (transgenic mosquitoes)
or through irradiation.>® Females inseminated by sterile
males do not generate a viable offspring. Nevertheless,
this approach requires 2 frequent release of massive
amounts of sterile males in order to become powerful
against vector populations. This is especially relevant
in the case of irradiated specimens, who have their
survival and viability jeopardized by the process.

The idea behind Wolbachia-infected mosquitoes
is different: these mosquitoes are intended to have
a dual function, both reducing and replacing the
original populations. The presence of these bacteria,
precludes or impairs mosquito infection with the
dengue and chikungunya virus.'® There is evidence
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that it also happens with Zika virus”. The introduction
of Wolbachia in 4. aegypti does not involve genetic
engineering, This strategy has a sustainability component
missing from the sterile males’ technology: Wolbachia-
infected females produce more offspring than wild
females. Since all eggs derived from those females are
already born containing Wolbachia, theve is no need
for frequent refeases of mosquitoes. Besides, wild
females inseminated by Wolbachia-infected males
cannot produce offspring, causing a reduction in the
original population.*®

There is also a strategy that combines Wolbachia-
infected males and irradiation. By using this procedure,
already performed with dedes albopictus, it is not
necessary, before releasing females in the field, to
separate them from males in the laboratory — one of
the most expensive stages of the technique. In this case,
the sterilization of males happens due to the presence
of Wolbachia and the irradiation is used to sterilize
females of this lineage. Because these females are more
susceptible to radiation, there is little compromise in
the viability of males.”

It is worth noting that, for both Wolbachia-infected
mosquitoes and sterile mosquitoes, the local population
partnership is an essential factor. Both methods require
strong engagement of communities, since they are based
on the release of mosquitoes, a task that is the opposite
to the conumon sense of vector control. This situation
reveals an additional evidence of the complexity of this
issue and shows that, even if the solution was merely
technological, the biomedical technology could not
dispense other technologies neither the theoretical-
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A novel tool to combat Aedes mosquitoes that
transmit Dengue, Chikungunya and Zika virus

Dengue, Chikungunya and Zika virus are rapidly spreading mosguito-
borme viral diseases. They are difficult to diagnose and treat, and
mosquito control is the only option to stop transmission.

Aedes mosquitoes are difficult to control as they lay their eggs in very
small breeding sites and have become resistant to chemical insecticides.
The In2Care® Dissemination Unit attracts and kills Aedes females with
novel sustainable ingredients that target both mosquito larvae and adults.
It is the first to exploit the concept of ‘auto-dissemination’, resulting in an
effective kill of mosquito larvae in breeding sites surrounding the unit.

In2Care® Dissemination Units can be placed both in- and outdoors at a
recommended density of 1/400 m* (10 units per acre) and be maintained
every 4-6 weeks using refill sachets. The product lends itself perfectly for
use in vector control programs, particularly in hotspot/problem areas, and
by pest control companies that offer mosquito control services to resorts,
hotels, etc. These user-friendly units can also be used by the general
public and enable effective vector control via community participation.

Exploiting mosquito
behaviour

dedes  agegypti  mosguitoes
originate from Africa, but
have  spread  worldwide
rapidly and can  transmit
Dengue, Chikungunya and
Zika virus to humans. They
are  attracted to  small
container-like breeding sites
and have a unigue egg-laying
behaviour; distributing their
eggs over several breeding
sites to minimise risks for
thelr offspring.

in2Care” Dissemination Units
exploit  this behaviour by
contaminating the female
mosguito body and using her
to  spread larvicide to
multiple  breeding  sites
around the unit. Via this
Yauto-dissemination” method
the unit can kill virtually all
mosauito . larvae  in its
surroundings  before  these
become biting adults.
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How does it work?

The In2Care® Dissemination Unit is made of durable plastic and uses water with an odour lure to attract egg-
laying Aedes mosquitoes. Once inside, mosquitoes contact the specially treated gauze near the water
surface and get contaminated with a larvicide and a fungus. We exploit the fact that Aedes like to divide
their eggs over multiple sites; by letting them fly out of the unit whilst carrying larvicide on their legs. They
transport the larvicide and contaminate several breeding sites around the unit. In this way, we can kill
larvae in small and hard to find breeding sources. The mosquito also gets infected with an insect-specific
fungus that can block Dengue virus replication and kills her before she can spread disease.

Graovid femaole
afiracted fo frap

o

CHECK OUR 3D ANIMATION
inZcare.org/product/videos

Flies out carrying
bioactives

Gets confaminated
on the floater ¢

Contaminates
surreunding sites with
larvicide powder

A multi-impact tool:

¥ Kills all larvae inside the unit
v' Kills larvae in surrounding breeding sites S
v" Kills exposed mosquitoes Dies within a few days,

v Stops Dengue virus development before fransmitting disease

An environmentally friendly solution

Insecticide resistance has become a major problem in countries infested by Aedes mosquitoes. Area-wide
chemical fogging is still being used but is showing limited efficacy and major impacts on non-target
organisms. This necessitates a switch to more sustainable, environmentally friendly vector control. The
In2Care® Dissemination Unit is the first device to use a biological control agent to kill mosquitoes. It deploys
an US-EPA-approved fungus that kills the mosquito several days after infection and has been shown to be
able to block Dengue virus replication inside the insect. The second active is an US-EPA approved larvicide
that can even be used in drinking water and has not shown any issues with resistance. Both bioactives have
short half-lives and are classified as low risk for non-target organisms.

In2Care® Dissemination Units deploy a small dose of bioactives in an enclosed point-source environment that
is specifically attractive to mosquitoes. Only tiny amounts of larvicide will get spread to other breeding
sites {mostly small man-made containers), which is enough to kill mosquito larvae because 10 ppb still
works well, but is not enough to cause risk for non-target organisms like fish or mammals. In this way, our
units offer an effective mosquito control option without drastic use of chemicals in the entire environment.
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Published & Field validated Results 100

in2Care® Dissemination Units were developed with Aedes 80 -
mosquitoes collected in the Caribbean. Scientific lab
validations showed that half the mosquitoes survive for 4
days after gauze exposure (graph A). In large cage tests,
whereby mosquitoes were free to visit the unit or 4 other
sources when they like, the killing impact took longer (graph 0
B). This does, however, allow contaminated mosquitoes to

60 -

Survival (%)

40 - .
Riclogical
20 4 agents

100 %

disseminate larvicide to other sites before they die. This
induced a massive reduction in adult mosquitoes produced in Ago
breeding sites near the unit; after one day release only 1 in §60
10 larvae survives to adulthood {(graph C). In the unit itself, % 40 4 Biological
100% of the larvae die, mostly in the L, or pupal stage. More & 20 agents
results can be found in our peer-reviewed publication:
www.parasitesandvectors.com/content/7/1/200. 0 T
° ? ! DGays a?ter :)?posxlee Wt

The units deploy a very special type of gauze developed by 100 -
In2Care. It holds bioactives via electrostatic binding forces, <50 c
which enables a high dose transfer when mosquitoes make ¢
contact. The improved bicavailability and resistance-breaking @60 ]
potential of this netting has been published in the prestigious % 40 A
Proceedings of the National Academy of Sciences USA (PNAS): § 20
http:/fwww.pnas.org/content/112/39/12081 . full.pdf. <

0 A '

Control Unit Sites near Unit

Field validations

A field trial executed in 2015 by the Insect Vector Control Division of the Ministry of Health
of Trinidad & Tobago demonstrated active auto-dissemination and larval control, and a
sustained decline in mosquito densities. Trinidad MoH is now using units in selected
problem areas (public schools & hospitals). A scientific field test with 200 In2Care®
Dissemination Units executed by the Mosquito Research & Control Unit of the Cayman
Islands also showed active larvicide dispersal, effective larval control and reductions in the
adult Aedes mosquito population. A US-EPA approved semi-field study by the Manatee
County Mosquito Abatement District in Florida confirmed unit impacts on larvae and adults
of local strains of Aedes aegypti and albopictus under ambient climate conditions. The
Puerto Rico CDC is currently (2017) undertaking a large-scale randomized clustered trial in
10 residential areas (17.5 acres each) to quantify the impact on adult Aedes populations.

How to use

We recommend placement where mosquitoes are likely to breed: in shaded,
vegetated places near habitation. In high risk areas we recommend 1 unit per |
400m? (10 units per acre). We offer support for appropriate risk mapping of your
area and unit density calculations. Unit maintenance (topping up with water) is
recommended at resular intervals depending on climate and monitoring demands,
and reactivation with a fresh refill sachet is recommended every 4-6 weeks.

Mosquitoes are not trapped but are contaminated. Because of its slow-killing action, you will see live larvae
present in the units, but these will die before they pupate into adults. When deployed properly in a large enough
area, In2Care” Dissemination Units will effectively reduce the numbers of Aedes mosquitoes and the risk of
infection with Dengue or Zika virus. Optimal impacts are achieved when removing as many other breeding
sources as possible. For non-isolated sites we recommend additional barrier treatments. Effects will become
most noticeable after the first 2 weeks of deployment because the next mosquito generation is affected.
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The In2Care” Dissemination Unit includes:

e Durable 5L water reservoir

e Lid with click-on mechanism

e Floater (to carry the gauze strip)

e Green time indicator cap (servicing reminder)

¢ Optional fixation tools

e Refill sachets (gauze, bioactives & attractant tablets)
for reactivation every 4-6 weeks

We can provide:

e

+ Customized deployment support

» Unit servicing and monitoring support tools

» Field trial protocols

» Registration dossiers for product registrations

DS

DS

DS

In2Care” Dissemination Units have been registered and are being sold in >25 countries in the Americas by
our authorized distributor Univar Environmental Sciences. Our units have been approved for professional
use in US states with confirmed local transmission of Zika virus by a Section 18 Emergency Exemption of
the US-EPA pending full registration. In Asia, our distributor Ensystex is currently registering the product
in »10 countries, and in the Pacific we collaborate with AustralAsian Biosecurity for unit distribution.

For more information on registration, local distributors and sales options, please contact us via
customer.support®inZcare.org

In2Care BY
Wageningen
The Netherlands

www.inlcare.org
Email: customer.support@incare.org
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evelopment and evaluation of a novel
contamination device that targets multiple
life-stages of Aedes aegypti

Janneke Snetselaar, Rob Andriessen, Remco A Suer, Anne J Osinga

Sart GJ Knols and Marit Farenhorst

Abstract

Background: The increasing global threat of Dengue demands new and easily applicable vector control methods.
Ovitraps provide a low-tech and inexpensive means to combat Dengue vectors. Here we describe the development
and optimizatior cess of a novel conta Y‘mirmti@h device that targets ages of the /u’d”: aegypt
maosquito. Spe directed to the diverse array of control agents jep.cyod in this trap, covering adl ficidal,
larvicidal and aqtodissemmation impacts.

Methods: Different rap prototypes and their parts are described, including a floater to contaminate alighting
gravid mosquitoes. TF iveness of the trap, different odor |L,ﬂ~ and floater design were studied using
fluorescent powder adhering to mosquito legs and via choice tests. We demonstrate the mosquitocidal impacts of
the controf agents: a combination of the larvicide pyriproxyfen and the adulticidal fungus Beauveria bassiana. The
impact of pyriproxyfen was determined in free-flight ¢ 1 experiments. The effect © val development
inside the trap and in surrounding breeding sites was measured, as well as survival impacts on recaptured adult

g

5.

Results: The developmental process resulted in a design that consists of a black 3 Liter water-filled container with a
norting vertically paa.ced gauze dusted with the control agents. On average, 90% of the

mosguitoes in the fluorescence experiments made contact wi tl“
indicated that a yeast-containing tablet was the most attractive odor lure. Furthermore, the fungus Beauveria bassiana
to significantly increase mortality of the free-flying adults compared to controls. Dissernination of pyriproxyfen
led to »90% larval m ve breeding sites and 100% larval mortality in the trap itself, against a control
mortality of around 5%.

e gauze on the floater. Studies on aftractants
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Background Without drugs or a vaccine, control of mosquitoes that
Globally, 2.5 billion people are at risk of becoming in-  transmit the virus remains the sole option to control the
fected with Dengue fever [1], a mosquito-borne disease  disease. Contemporary mosquito control focuses primar-
for which there is no specific medication or vaccine,  ily on larval source management in the form of breeding
With over 390 million cases annually [2], Dengue is cur-  site removal or larviciding and adult control through
rently the fastest spreading infectious disease in the tro-  fogging with insecticides [3].
pics. Costs to contain the disease are huge and put The main vector of Dengue is the yellow fever mos-
severe pressure on (health) budgets of affected countries.  quito Aedes aegypti (L.}, a diurnal species that displays
skip-oviposition behavior (Le. lays small numbers of eggs

in multiple sites [4]) and prefers man-made containers

* Correspondence: marit@ 1e.0rg ; o ; ’ )
In2Care BV, Costerweg 5, Wageningen 6702 AA, The Netherlands as oviposition sites [5]. These sites are often small and

§ Ble Central
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difficult to locate, which makes effective larviciding diffi-
cult. The preference of Aedes mosquitoes for container-
like breeding sites provides the opportunity to control
gravid mosquitoes using ovitraps, An ovitrap basically
consists of a black or dark colored container filled with
water with one or several attractants to lure mosquitoes.
Egg-laying female mosquitoes are attracted to the trap
by the water [6], visual cues [7], natural odors {mostly
from plant infusions) [8-11], conspecifics [12], or syn-
thetic odors [5,13-15]. Ovitraps have an advantage over
other traps (for host-secking mosquitoes) because they
do not require a power source or additional carbon di-
oxide and are not dependent on trap operator’s skill and
motivation.

Over the vears, various ovitraps have been developed
and tested against Aedes mosquitoes. Originally, ovitraps
were designed as ‘egg dump’ devices [6], killing all larvae
hatching inside the trap. However, since Aedes females
show skip-oviposition behavior this targets only a minor
proportion of the lifetime reproductive output by fe-
males. Novel ovitraps were therefore designed to also
target the adolt mosquito. These traps include designs
such as the sticky’ trap [7,16,17] or ‘double-sticky’ trap
[8] in which gravid mosquitoes are captured using glue,
or lethal ovitraps [18-20] in which mosquitoes are ex-
posed to insecticides. A major disadvantage of these le-
thal ovitraps is the fact that insecticides deployed in
such traps have shown reduced efficacy due to wide-
spread insecticide resistance in Aedes populations [21].

There are promising alternative mosquite control
agents that have been proposed for use in ovitraps, not-
ably auwtodissemination agents, which are larvicidal
compounds that are dispersed to breeding sites by con-
taminated adult fermale mosquitoes. Pyriproxyfen is a
WHO-recomunended juvenile hormone analogue that
targets mosquito larvae at the pupal development stage
and can be effective in extremely low concentrations
{<1 ppb) [22]. It is already being deployed as a mosquito
larvicide and is approved for use in drinking water in
low concentrations, Experiments have shown that fernale
mosquitoes can acquire pyriproxyfen crystals when land-
ing on a treated surface and deposit these in breeding
sites they subsequently visit [23,24], hence killing their
offspring and other larvae already present in those
breeding sites at the time when these pupate. Because
Aedes mosguitoes are skip-ovipositors, pyriproxyfen can
be used as an autodissemination agent for ‘mosquito-
driven larval control’; utilizing the gravid female to dis-
perse the larvicide and contaminate multiple breeding
sites in the vicinity [25,26].

Field studies with pyriproxyfen have shown good poten-
tial for this new type of vector control {26]. Considering
that the contaminated mosquito loses the pyriproxyfen
crystals from her legs over time [23], it would be
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advantageous to deploy this agent in such way that the
timeframe between pick up and transfer is as short as pos-
sible by contaminating gravid females that lay their first
batch of eggs. This would be possible via an ovitrap that
contaminates the adult mosguito with pyriproxyfen and
allows her to leave the trap afterwards. Considering that
Aedes mosquitoes typically only need a short time-frame
to {skip) oviposit, the addition of a slow-killing adulticide
to target the contaminated adult would increase the con-
trol impact of such a device. Slow-killing biopesticides,
such as entomopathogenic fungi, would be suitable candi-
dates for this purpose. Spores of the fungus Beauveria
bassiana have been shown to effectively infect mosquitoes
upon contact by penetrating the insect cuticle and grow-
ing into the haemocoel [27]. This infection reduces the
mosquito’s vectorial capacity [28,29], inhibits Dengue
virus replication inside the mosquite [30] and eventually
kills the mosquito. An additional benefit of this fungus is
that it is highly virulent to insecticide-resistant mosquitoes
[27,31] and even has the potential to augment the efficacy
of chemical insecticides [27,32]. The relatively slow kill
and pre-lethal impacts of B. bassiana can prevent Dengue
transmission and at the same time enable effective dissem-
ination of pyriproxyfen by contaminated mosquitoes to
surrounding breeding sites.

Whereas contemporary ovitraps have shown good
potential in reducing the number of Ae. aegypti in an
area when deployed in sufficiently high nuambers [5],
they are mainly used for scientific and monitoring pur-
poses and not commonly deployed as a standard Aedes
control tool. This opens the opportunity for a trap that
can be manufactured on a large scale for the pest control
market.

Here we describe the development of a new type of
ovitrap, a multi-impact contamination device for Aedes
mosquitoes, Our alm was to create a user-friendly con-
trol device that does not rely on electricity or chemical
insecticides. We show the steps taken to design a trap
that is attractive to egg-laying Ae. qegypti and meets re-
quirements for large-scale manuvfacturing. Experiments
were performed to optimize device aftractiveness, in-
cluding tests with several odor lures to augment attrac-
tion to Aedes mosquitoes. We show how the device
design and the deployment of a new type of gauze en-
ables effective contamination of ovipositing Aedes fe-
males. In the second part of this paper we demonstrate
the potential adulticidal, autodissemination and larvi-
cidal impacts of the agents deployed in the trap. We re-
port for the first time the combination of the control
agents B. bassiana and pyriproxyfen. Experiments were
set up to demonstrate the impact of this mixture, includ-
ing measurements of lethal impacts on contaminated
adults, larvicidal impacts inside the trap and larvicidal
impacts in surrounding breeding sites.
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Methods

Mosquito rearing

Experiments were conducted using laboratory reared Ae.
aegypti mosquitoes. This colony originates from adults
collected in the Caribbean (Aruba) in 2011, Mosquitoes
were reared at a temperature of 27{+1)°C and a relative
humidity of 65(+5)%. Mosquitoes had an artificial light-
dark cycle of 12/12 h (L:D). Mosquito larvae were reared
on tap water and fed daily on Tetramin® water tablets
for bottom dwelling fish (Melle, Germany). Adult mos-
quitoes were kept in 30x30x30 om gauze Bugdorm®
cages and had ad libitum access to a 6% glacose solution
on filter paper. Mosquitoes were fed on human blood
twice a weck, either through direct feeding on the arm
of a volunteer or on membranes.

Trap validation tests utilized gravid fernales (7-8 days
old) at the time they were ready to lay eggs. Prior to the
experiments, blood-fed females were selected manually
with a mouth aspirator and placed in a container with
access to a 6% glucose solution on cotton wool. These
fernales were then kept for 4 days to become gravid, be-
fore being used in experiments,

Evaluation of oviposition attractants

To augment the attractiveness of the frap, several odor
lures for gravid Ae. aegypti were evaluated (Table 1). We
tested a commercially available synthetic mosguito odor
lure tablet {AtrAedes), which contains odors identified
from volatile grass infusions (Panicum maximum, Jacq.)
and has been used in other oviposition traps designed to
lure gravid Aedes aegypti mosquitoes [5,13,14]. Teabags,
organic water (from a local ditch) and oal leaf (Quercus
spp.) infusions were selected because it was shown that
fermenting solutions of organic matter are attractive to
Aedes mosquitoes [9,33]. We also tested alfalfa tablets,
which were previously used in ovitraps as an odor lure
[10]. We selected tablets with yeast as the main ingredient

Table 1 Selected odor lures and method of preparation
for experiments

Attractant Preparation

AtrAedes tablets 1 AtrAedes tablet placed in the water of the trap

Several oak leaves were placed in a bucket
with 8 L of boiling wate', then left for 2-4 weeks

Qak leaf infusion

Earl grey tea 3 teabags were placed in a bucket with 8 L

of boiling water

Water collected from a local ditch and stored in
a bucket for 2 weeks

Organic water

Alfaifa (tablets) 4 tablets were placed in a bucket with 8 | water

and stored for 4 days

Yeast (tablets) 4 tablets were placed in a bucket with 8 | water

and stored for 4 days

Green tea (capsules) 4 capsules were placed in a bucket with 8 L water

and stored for 4 days
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as an atfractant because of its carbon dioxide production
and enhancement of bacterial growth in water, and tea
capsules as an easily available organic substance with simi-
lar characteristics to yeast,

Comparisons between tap water and these attractants
were undertaken with trap prototype A (Figure 1A) in a
free-flying cage (Howitec Netting BY, Bolsward, The
Netherlands, Figure 2B). To measure mosquito attrac-
tion we added 200 pyl of Aguatain (Aquatain Products
Pty Ltd, Kyneton, Victoria, Australia) to 300 ml of the
odor-baited water sample and to the control. Aguatain™
{polydimethylsiloxane 78% w/v) is a liquid that creates a
monomolecular film on water, which lowers the water
surface tension. This silicone oil film has been shown to
cause female mosquitees to drown whilst ovipositing
[34], meaning that it can be used to determine the first
choice of oviposition location for Ae. aegypti.
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Figure 2 Experimental cages {dimensions in cm) and position of traps and containers. A: Fre
t cage used for the evaluation of oviposition attractants and fioater

The trap containing the odor bait was placed on one
side of the cage and a trap filled with tap water was
placed on the opposite side of the cage. For each com-
parison fifty gravid Ae. aegypti (7-8 days old; four repli-
cates) were released in the cage and positions were
switched between the replicates to minimize position ef-
fects. After 3 days the number of drowned mosquitoes
in each trap was counted to determine their preferred
oviposition site. For the comparison between yeast tab-
lets, alfalfa tablets and green tea capsules 3 traps were
placed in a row, and the same experimental procedure
was followed.

Optimizing floater design

The floater was tested and improved using trap proto-
type B (Figure 1B). The trap was placed in the center of
the cage (Figure 2B) and filled with 2 L water and a yeast
tablet. The floaters supported black polyester gauze (Van
Heek BV, Losser, The Netherlands) that was dusted with
fluorescent powder (BVDA International BY, Haarlem,
the Netherlands) and carefully placed on the water sur-
face in the center of the trap. Two alternative breeding
sites were positioned in the cage at opposite sides of the
trap to provide competitive breeding sites. These con-
sisted of a black pot in which a transparent plastic con-
tainer with tap water (500 mL) was placed. For Floater-1
and Floater-1I 3 replicates were conducted, for Floater-111,
Floater-1V and Floater-V 4 replicates were conducted, Fifty
mosquitoes were allowed to oviposit for 2 days, after
which they were recaptured using a mouth aspirator,
These were killed in the freezer and the presence of fluor-
escent powder on the legs and body determined using a
UV light microscope. The proportion of mosquitoes with
fluorescent dye was used as a proxy for trap visitation and
contact with the gauze on the floater.

Control agents
We used Beauveria bassiana spores from the GHA
strain {Laverlam international corporation, Butte, USA),

which were produced through solid-state fermentation.
Dried spores were kept at low humidity at 5°C until use,
Pyriproxyfen (Chemos GmbH, Regenstauf, Germany)
was mixed with fungal spores and inert dust particles to
create a dust mixture suitable for application on the
gauze. This mixture was used inside the final design of
the trap (Figure 1C). The powders were applied to the
gauze by shaking it in a container with an excess amount
of the powder mixture. We deployed 5 x 55 cm strips of
gauze dusted with the mixture, which were subsequently
fixed around the pins of the floater (Table 2, Type-V).
One trap and 2 alternative breeding sites, each contain-
ing water with 20 Aedes larvae (stage 14) and Tetramin®
fish food were placed in a free-flying cage (MegaView
Science, Taiwan, Figure 2A). Two plastic cups with tap
water, 20 larvae and fish food, were placed outside the
experimental cage as a control treatment to measure
adult emergence. For each experiment, 50 free-flying
gravid Aedes fernales were allowed to oviposit for 2 days,
after which they were recaptured. To measure adulticidal
impacts of the fungus, 8 control replicates and 8 replicates
with B, bassiana were conducted and adult survival was
monitored for 18 days. Pyriproxyfen dissemination was
tested by measuring larval development (% adult emer-
gence) in the two containers next to the trap and com-
pared to adult cmergence from control containers, 4
replicates were conducted for the pyriproxyfen tests.

Statistical analyses

Statistical analyses were done using SPSS 21.0 software.
Normality of the data was investigated using the Shapiro-
Wilk Test, a Logio transformation was used if data was
not normally distributed. Homogeneity of variances was
tested with Levene’s Test (untransformed data). Compari-
sons between oviposition attractants were done using in-
dependent sample T-tests for normally distributed data
and a Mann-Whitney U test for data that were not nor-
mally distributed. The comparison between tea capsules,
alfalfa tablets and yeast tablets was performed using a
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Table 2 Measurement of floaters and position of gauze on the floater, as tested in the floater optimization tests

Floater type Outer ¢* in cm Inner ¢* in cm Height in cm Pasition of gauze

Floater-l {smaily 55 35 6,5 Outer ring of floater covered with gauze

Floater-li (mediurm) 10,0 35 50 Quter ring of floater covered with gauze

Floater-lil {large) 16,0 35 50 Quter ring of floater covered with gauze

Floater-IV (ring) 16,0 120 50 QOuter and inner ring of floater covered with gauze
Floater-V (pins) 16,0 14,0 1,5 Gauze on top of floater, stabilized with pins

*@ = diameter.

one-way ANOVA test followed by a Tukey post-hoc test.
Analyses of the floater optimizations and the autodissemi-
nation impact were done using a one-way ANOVA
test followed by a Tukey post-hoc test. The impact of
B. bassinna on adult mosquitoes was analyzed with a
Kaplan-Meier model followed by analysis with the logrank
test. LT data {median lethal time) was obtained from the
survival analysis. Replicates were pooled for both controls
and fungus groups. Survival curves of infected groups
were compared to control groups.

Results

Device design and optimization

Trap design development started with a simple flowerpot
(Figure 1A, prototype A}, comprising a black water con-
tainer, a central tube and a black lid. The black container
provides a visually attractive and sheltered breeding site
for Dengue mosquitoes and is commonly used for ovitraps
[7,15]. Over time, the volume of the container was in-
creased so that it could contain 3 L of water maximum,
which allowed for longer trap use and less frequent main-
tenance (Figure 1B, prototype B). The final design, a stack-
able pot with 3 water drainage openings in the bottom, is
based on a mass-produced, and therefore low-cost, flower
pot (Epla Nora-pot, Desch PlantPak, the Netherlands).
The inside of the container is made from smooth, polished
polyethylene, to discourage egg-laying mosquitoes to rest
on this surface, thereby increasing the chance that they
will land on the gauze treated with contrel agents.

We developed a removable lid to protect the control
agents against direct sunlight and rainwater, to allow access
for maintenance purposes, and to prevent direct contact
between children and/or pets and the biocactives on the
gauze, In later development stages (prototype Bj, the diam-
eter of the lid was increased with a slight overhang to pro-
vide better protection against heavy rain. Our tests showed
that mosquitoes have a preference for an entry opening be-
tween the lid and pot of 4-6 cm {data not shown).

The shape of the original flat-top lid (prototype A) was
adjusted to prevent the accumulation of stagnant water on
top of the lid, which could potentally form a mosquito
breeding site. We added a central lid opening that allows
replenishment with water and optional collection of rain-
water via a central hollow tube. The tube has a valve

through which (rain} water flows into the trap container,
avoiding a low water level due to evaporation. Simultan-
eously, when the water level rises above a certain point,
excess water will flow out of the trap through this valve
via the central tube, which connects to the pot drainage
openings in the bottorn. The final design (Figure 1C, the
In2Care® Mosquito Trap’) contains a click-on interface
that is put on top of the drainage openings, and has 3 pro-
truding extensions that stabilize the floater component.

The floater component was designed to carry vertically
placed gauze with mosguitocidal agents and is one of
the important novelties of this ovitrap compared to
other designs. The In2Care® Mosquito Trap deploys a
floater that remains level with the water surface and pro-
vides an attractive landing and resting surface for ovipo-
siting mosquitoes. The floater can carry gauze or other
materials that are treated or impregnated with mosqui-
tocidal agents and keeps these dry even when water
levels fluctuate inside the device.

Evaluation of oviposition attractants

Attractant tests showed an increase in attractiveness of
the device when using cak leaf infusions, teabags or or-
ganic water (Figure 3). Traps containing these lures were
able to catch (ie. drown due to the presence of Aquatain™)
on average more than 80% of all released (free-flying)
gravid mosquitoes, Significantly more females drowned in
the devices with tea, organic water and oak leaf infusions

Atraedes ns Tap water

Tea L Tap water

Crganic water * Tap water

Oak leaf infusion  =x Tap water

100% 50% 0% 50% 100%

Figure 3 Dual-choice (% £ 5E) experiments with different
attractants for gravid Ae. gegypti. Fifty gravid mosquitoes were
released per replicate (4 replicates for each comparison). * P < 005,
P Q01, ¥ P <0001
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compared to clean tap water {(p <0001, p=0.029 and p =
(.005, respectively). This demonstrates that these organic
odors are attractive to gravid Ae. gegypti. AtrAedes tablets,
however, did not show an effect when used in our setup
{p =0.273). Because the AtrAedes tablets did not increase
trap attractiveness, we selected other commercially avail-
able tablets for further tests. We examined the most at-
tractive odor {tea) and looked for commercially available
tablets or capsules.
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We compared the attractiveness of tea capsules to two
other ready-to-use attractants, namely yeast tablets and
alfalfa tablets. Yeast was found to be significantly more
attractive when deployed in the ovitrap compared to
alfalfa (Figure 4, p = 0.001) and green tea (p =0.018). On
average, 45% of the free-flying mosquitoes selected the
veast-baited trap as their first oviposition site compared
to the other two odor lures. No significant difference
was found between alfalfa and green tea tablets.

Because yeast tablets were significantly more attractive
compared to the tested other odor lures and because the
tablets are commercially available, we selected the yeast
tablets as the standard oviposition attractant in the trap,

Floater optimization

To maximize mosquito infection and contamination inside
the trap, we evaluated and optimized the design of the
floater component. We validated the attractiveness of the
gauze-carrying floater by measuring mosquite contact
using fluorescent dust, We tested different floater types
and sizes {Table 2), in experimental cages where 50 gravid
mosquitoes were released and retrieved after 2 days to ob-
serve the presence of fluorescent powder on the mosqui-
toes using a UV light microscope. Since only the gauze
was dusted with fluorescent powder, the presence of this
powder on mosquitoes was used as a measure for contact
with the floater gauze and served as a proxy for the at-
tractiveness and efficacy of the floater components. Gauze
with fluorescent dust and mosquitoes with fluorescent
particles are shown in Figure 5.

Figure 5 Elecirostatic gauze dusted with orange fluorescent powder under UV light (top left), floater-V with gauze {top right), the
abdomen of an Ae. gegypti exposed to gauze with fluorescent powder (bottom left (UV) and bottom right). Magnification 200x.
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Results showed high percentages of mosquitoes with
fluorescent powder in particular for the floaters with a large
gauze surface (Figure 6). Significant differences in the at-
tractiveness and mosquito contact of the different floaters
were observed, The percentage of mosquitoes with fluores-
cent powder was significantly higher for Floater-IV and
V compared to Floater-1 {p =0.025 and p < 0.001, respect-
ively) and Floater-1I (p = 0.030 and p < 0.001, respectively).
Floater-V was also more attractive than Floater-Il (p=
0.003). Overall, the increase in gauze surface on the floaters
increased the percentage of mosquitoes with fluorescent
powder (Figure 6). This indicates that the floater provides
effective contact and powder transfer to resting/ovipositing
mosquitoes and can be used to contaminate these once in-
side the trap. In all experiments, we observed much higher
numbers of mosquite eggs laid inside the prototype device
compared to the alternative sites, which indicates that the
In2Care’Mosquite Trap is more attractive to gravid Ade
aegypti than the open black flower pots,

The final floater design (Floater-V, Table 2} was effect-
ive in contaminating, on average, 90% of the retrieved
mosquitoes. This design is based on a thin polyethylene
ring that floats via five air-chambers in the bottom and
has protruding pins onto which the gauze can be fixed
(Figure 5). This design allows the use of control agents
on both sides of the gauze and enables egg-laying mos-
quitoes to sit close to the water surface. We therefore
selected this floater as the standard floater for the trap.

Mosquitocidal agents
Multiple experiments were conducted to test and im-
prove the impact of mosguitocidal agents in the trap.
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Gauze strips were dusted with a mixture of Beauveria
hassiana spoves and pyriproxyfen particles (as described
in more detail in the Methods section) and applied in-
side the trap using Floater V.

Impact of Beauveria bassiona on adult mosquitoces
Mosquitoes retrieved from cages with the trap showed
a reduced survival compared to control groups. The
Kaplan-Meier LT5, estimation of the mosquitoes infected
with Beauveria bassiana spores was 14.00 days (13.21-
14.80, 95% CI, Figure 7). The LTs of control groups was
beyond the 18 days measured so could not be calculated
with the Kaplan-Meier model.

Survival curves were significantly different for mosqui-
toes infected with the fungus compared to controls {(p<
0.001, Kaplan-Meier with logrank test). This impact on
adult survival demonstrates that the B. bassiana spores
applied on the floater gauze are effective in contaminating

Aedes mosquitoes with high infection doses even with un-

controlled, realistic and potentially short exposure times
(Figure 7). The relatively slow killing process of the fungus
enables the contaminated females to spread pyriproxyfen
to other breeding sites,

Impact of pyriproxyfen on larvae

Results showed that pyriproxyfen was actively dispersed
from the trap to the surrounding breeding sites via the
contaminated mosquitoes; killing on average >90% of all
developing larvae in these sites. This antodissemination
impact significantly reduced the emergence of adult
mosquitoes in the breeding sites around the device (less
than 1 in 10 larvae survived to adulthood) compared to
control larvae of which ca. 95% larvae developed into
adults (Figure 8, p <0.001, one-way ANOVA test). Fur-
thermore, we found a significant reduction in larval

100% Mg
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= 60%
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2

U=) 40% - sspenCONLrol
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Figure 7 Survival curves (£ 3E) of mosquitoes exposed to
Beauveria bassiona (n = 8} deploved in the in2Care mosquito
Trap, compared 0a cammi group (n=8). Adult survival was
i i fter recapture. Survival curves were
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survival inside the trap compared to the control larvae
(p< 0.001, one-way ANOVA test). We consistently ob-
served 100% mortality of the larvae in the trap due to
the presence of pyriproxyfen in the water of the trap. It
is noteworthy that no additional pyriproxyfen was added
to the water in the trap or the alternative breeding sites,
which demonstrates that the amount that is fransferred
into the water solely via visiting ovipositing mosquitoes
is sufficient to effectively kill larvae.

Discussion

The In2Care® Mosquito Trap was designed to provide a
novel tool to control Ae. gegypti mosquitoes. The trap
has the advantage of operating without the need for
electricity or carbon dioxide and is made from low-cost
polyethylene, which makes it a relatively cheap tool for
mosquito control, The trap design is suitable for high
throughput manufacturing and utilizes commercially
available ingredients.

Results showed that this yeast-baited water-filled ovi-
trap can effectively attract gravid Ae. gegypti. Further-
more, the use of pyriproxyfen is expected to further
increase mosquito attraction. Because pyriproxyfen is a
late-stage killing agent, targeting the pupal stages only,
the deposited eggs inside the device will still hatch and
develop into larvae which results in the accumulation of
larval odors in the trap over time. Studies show that
volatiles emitting from larvae are attractive to gravid
Dengue vectors [12], and can therefore be expected to
augment the attractiveness of the trap.

While most vector control tools focus on either adults
or larvae, the In2Care® Mosguito Trap targets both lar-
val and aduit life stages of Ae. aegypti. Results showed
that the powders applied in the trap exert effective mor-
tality impacts on contaminated adult mosquitoes, in the
larvae developing inside the trap, as well as the on larval
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development in swrrounding breeding sites. Results also
showed that gravid females pick up lethal doses of con-
trol agents upon short and transient contact with the
floater gauze. The use of fungal spores was selected as
an environmentally-friendly alternative to chemical pes-
ticides. The relatively slow mode of action of the fungus
B. bassiana provides a long-lasting adult control option
by targeting only the older females that can transmit dis-
ease, thereby drastically reducing the chances for devel-
opment of resistance [35]. Another major advantage of
this fungus is that it causes a reduction in Dengue virus
transmission via interference with virus replication inside
the mosquito [30]. Other pre-lethal transmission-blocking
effects observed in fungus-infected adults include a
reduced fecundity and blood feeding propensity, which
causes a significant reduction in their vectorial capacity.
Moreover, the use of B. bassiana in the trap allowed the
use of the autodissemination agent pyriproxyfen. It was
found that pyriproxyfen was highly effective when de-
ploved inside the trap, because in all experiments 100%
of the larvae in the trap died at the time of pupation.
Furthermore, we found a significant reduction in larval
survival in the breeding sites surrounding the trap com-
pared to the control larvae. This proves that pyriproxyfen
was effectively dispersed to other breeding sites by free-
flying mosquitoes in the experimental cages, which shows
the possibility of controlling Aedes mosquitoes using the
autodissernination effect, previously described by Devine
et al. [25] and Caputo et al [22]. Because pyriproxyfen
does not have a repellent effect or impact on adult morta-
lity, it allows the full exploitation of the skip-oviposition
behavior of Aedes mosquitoes. Particularly in areas where
breeding sites are abundant and transient during the wet
season, the use of pyriproxyfen provides an exciting op-
portunity for precision-targeted larval control using the
fernale mosquito itself.

Potentially, other insecticidal agents could also be used
in the device, such as fast-killing chemicals like the car-
bamate bendiocarb. Investigations on the efficacy of the
trap using these and other insecticidal agents are cur-
rently ongoing, Whereas most vector control chemicals
will have the advantage of a fast killing effect (and
thereby the visual confirmation of dead mosquitoes in-
side the trap), this effect will not be useful when using
autodissemination agents, which require the contami-
nated mosquito to survive for at least a few days to suc-
cessfully spread pyriproxvfen to surrounding breeding
sites.

Although the trap was originally designed to lure Ae.
aegypti mosquitoes, we have seen Culex species resting
inside the trap during field trails. These observations
show good potential for further investigations on the
attractiveness of the trap for other mosquito species (for
example other culicines and maybe even anophelines). It
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Insecticide resistance poses a significant and increasing threat to
the control of malaria and other mosquito-borne diseases. We
present a novel method of insecticide application based on netting
treated with an electrostatic coating that binds insecticidal parti-
cles through polarity. Electrostatic netting can hold small amounts
of insecticides effectively and results in enhanced bioavailability
upon contact by the insect. Six pyrethroid-resistant Anopheles mos-
quito strains from across Africa were exposed to similar concentra-
tions of deltamethrin on electrostatic netting or a standard long-
lasting deltamethrin-coated bednet (PermaNet 2.0). Standard WHO
exposure bioassays showed that electrostatic netting induced signif-
icantly higher mortality rates than the PermaNlet, thereby effectively
breaking mosquito resistance. Electrostatic netting also induced high
mortality in resistant mosquito strains when a 15-fold lower dose of
deltamethrin was applied and when the exposure time was reduced
to only 5 s. Because different types of partides adhere to electrostatic
netting, it is also possible to apply nonpyrethroid insecticides. Three
insecticide classes were effective against strains of Aedes and Culex
mosquitoes, demonstrating that electrostatic netting can be used to
deploy a wide range of active insecticides against all major groups of
disease-transmitting mosquitoes. Promising applications indude the
use of electrostatic coating on walls or eave curtains and in trapping/
contamination devices. We condude that application of electrostatically
adhered particles boosts the efficacy of WHO-recommended insectic-
ides even against resistant mosquitoes. This innovative technique has
potential to support the use of unconventional insecticide dasses or
combinations thereof, potentially offering a significant step forward in
managing insecticide resistance in vector-control operations.

electrostatic coating | insecticide | resistance management | mosquito |
malaria

M osquito-borne infectious diseases continue to pose a huge
public health burden worldwide. Malaria, lymphatic filaria-
sis, dengue, Chikungunya, and West Nile virus cause significant
medical and economic impacts that disproportionately affect
developing countries (1-3). Because there are no commercially
available vaccines against these diseases, vector control remains
crucial to reduce disease transmission. Contemporary vector
control focuses on the use of four classes of public health in-
secticides recommended by the WHO (4). However, intensive
and widespread use of these insecticides induced intense selection
pressure that has resulted in the development and subsequent in-
tensification of various genetically modulated resistance mecha-
nisms in mosquitoes (5-7). Today, insecticide resistance is regarded
as the most serious threat to the control of mosquito-borne diseases.
Over the last decade resistance has been reported in all three
major mosquito genera and against all four classes of recom-
mended insecticides in most disease-endemic regions where
substantial progress in control was reported previously (4, 8).

www.pnas.org/cgi/doif10.1073/pnas. 1510801112

Larval exposure to low residual doses of insecticides from
agricultural pest control has been a major driver of resistance
development in mosquito populations (9, 10). Mosquitoes can
become resistant to insecticides by (over)expressing detoxifying
enzymes or via genetic mutations at the location where the in-
secticide is active (11). Such traits might result in fitness costs for
the insect because their expression can deplete energy resources,
reducing the insect’s ability to compete with nonresistant coun-
terparts (12-14). To manage resistance adequately, the WHO
recommends the use of rotations, insecticide mixtures, or novel
insecticide classes that have completely distinct modes of action
(4), and several promising developments are aimed at facilitating
these strategies (15-20). However, the selection of new active
ingredients is severely restricted by the need for products that
are safe for humans who come into frequent contact with nets
and sprayed surfaces. Another means to improve insecticidal
impact is to increase the effective target dose.

Several factors influence what dose of insecticide is effectively
transferred to the target insect, including the type of formulation
and substrate as well as the size and adherence properties of
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Fig. 1. Origins of the tested pyrethroid-resistant and susceptible Anopheles
strains and the field-collected Culex strain.

insecticidal particles on these substrates (21). Small flying insects
such as mosquitoes are particularly difficult to target with Iethal
doses of insecticides. Current vector-control products use oil- or
water-based formulations as carriers to achieve adherence and
retention of the chemicals on vertical substrates such as walls
or netting. For instance, long-lasting insecticidal nets (LLINSs)
and indoor residual sprays (IRS) used in malaria control deploy
formulations of pyrethroids via coating, impregnation, or spray-
ing. Absorption of the carrier and binding forces associated with
oily formulations can limit the bioavailability of the active in-
gredient. Studies show that insecticide absorption in porous mud
walls significantly decreases the long-lasting efficacy of IRS ap-
plications (22). For LLINs, impregnation methods such as in-
secticide incorporation within the netting fibers or slow-release
coatings are being used to prolong persistence and withstand
several washings, but these techniques limit the amount of in-
secticide that is available to the target insect upon contact.
Prolonged use of long-lasting material under normal household
conditions might result in mosquitoes being exposed to a pro-
gressively smaller dosage of insecticides as the chemicals dissi-
pate (23); a consequence of such exposure might be selection for
resistant vector populations.

Here we present an application method with improved in-
secticide bioavailability that can be used to deploy both pyrethroid
and nonpyrethroid insecticides to target resistant vectors effec-
tively with a lethal dose. This method consists of a coating that
can be applied on different substrates and has an electrostatic
charge that binds particles via polarity. Products that incorporate
electrostatic binding forces are already being used in insect pest
control, for example as aerial electrostatic-charged insecticide
sprays for the control of sweet potato whitefly (Bemisia tabaci)
(24) or as electrostatic mating-disruption powder against codling
moth (Cydia pomonella) (25). However, this is the first time, to our
knowledge, that electrostatic forces have been used in a coating
that can be deployed on a variety of surfaces and that can bind
different types of particles. The charged coating was developed
originally for use in house screens to trap airborne pollen and is

20f6 | www.pnas.org/cgi/doi/10.1073/pnas. 1510801112

commercially available for that purpose (https:/www.buypollentec.
com/test-data/ accessed July 29, 2015). It is applied on netting fibers
via a special process that allows fixation and the formation of a long-
lasting static charge. The electrostatic charge enables the adherence
of insecticide particles without the need of a carrier formulation.
In this study, the bioavailability and impact of insecticide
particles bound via polarity were measured and compared with
the impact of a standard long-lasting deltamethrin-coated bed-
net. Multiple strains of pyrethroid-resistant Anopheles malaria
vectors originating from nine different countries in Africa (Fig. 1)
were exposed to electrostatic netting saturated with deltamethrin
amounts similar to the insecticide dose used in standard LLINs
[PermaNet 2.0; target dose, 55 mg active ingredient (AT)/m?].
The impact of the two methods was compared by measuring
initial knockdown (1 h) and final mortality (24 h post exposure).
Lower insecticide doses and shorter exposure times were in-
cluded to demonstrate the potential vector-control impact of
electrostatic netting. Three other (nonpyrethroid) public health
insecticide classes were deployed, and the mortality impact
against Aedes aegypti and Culex quinguefasciatus mosquitoes was
tested to demonstrate the broader vector-control and resistance-
management options of this innovative application technique.

Results

Particle Transfer. To test the bioavailability of insecticide particles,
particle transfer to mosquitoes was visualized by applying fluores-
cent dust on the electrostatic netting. The quantity of transferred
fluorescent particles served as a visual proxy for contamination ef-
ficacy (Fig. 24). In a standard 3-min WHO cone exposure assay
(26), mosquitoes obtained fluorescent particles across the entire
body including tarsi, antennae, proboscis, thorax, and lower abdo-
men (Fig. 2C), demonstrating that an extensive dose was transferred
from the electrostatic netting to the mosquito. Shorter contact as-
says, using exposures of only 5 s, also resulted in effective particle
transfer from the netting to mosquitoes, with visible amounts of
fluorescent particles adhering to the tarsi and body (Fig. 2B).
Both exposure times were included in the insecticide impact
evaluations to quantify insecticidal impacts after standard and
short contact duration.

Insecticide Bioavailability. Insecticide exposures were conducted
on multiple strains of pyrethroid-resistant mosquitoes, including
the major malaria vectors Anopheles arabiensis (27-29), Anoph-
eles funestus (30, 31), and Anopheles gambiae s.s. (32, 33) with
well-defined mechanisms and levels of resistance, using standard
WHO resistance assays with 0.05% deltamethrin papers (Fig.
S1). A detailed description of the mosquito strains used, in-
cluding their origin and resistance mechanisms, is provided in the
Supporting Information. Insecticide-susceptible mosquito strains
were included to confirm sample quality.

The insecticidal impact of deltamethrin coated on a standard
polyester LLIN was compared with deltamethrin applied on
electrostatic netting, keeping the amounts of Al as similar as

5

Fig. 2. (A) Photograph of electrostatic netting saturated with fluorescent
dust particles lighting up orange under UV light at 50x magnification. (B) A
Culex mosquito contaminated with fluorescent particles after a 5-s contact
with the netting. () Culex female with fluorescent particles after 3-min con-
tact with netting.
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possible. Standard 3-min WHO cone exposure assays were used
to compare PermaNet 2.0 netting with deltamethrin (target dose,
55 mg Al/m?) and electrostatic netting saturated with deltameth-
rin (target dose, 37 mg Al/m?). Positive control tests with sus-
ceptible anopheline strains showed that both PermaNet and
electrostatic netting induced 100% mortality 24 h after exposure,
confirming the insecticidal quality of the tested samples (Fig. 82).

Results showed that for all six tested resistant Anopheles
strains the adulticidal impact of deltamethrin applied on elec-
trostatic netting was significantly higher than the impact induced
by LLIN netting (P < 0.001 for all groups) (Fig. 3). PermaNet 2.0
killed only 9.6% [95% confidence interval (CI) = 1.2-18.0] of the
highly resistant An. gambiae Tiassale strain, whereas electrostatic
netting with a 33% lower application dose of deltamethrin in-
duced 100% mortality. The most resistant Anopheles line tested,
An. funestus FUMOZ-R, showed 10.6% mortality (CI = 1.8~
19.4) after PermaNet exposure, whereas the electrostatic netting
was able to knock down 96% (CI = 89.8-100) (Table $1) and kill
63% (CI = 49.1-76.9) of the exposed females (Fig. 3). The sig-
nificantly higher mortality rates induced by electrostatic netting
indicate that higher amounts of insecticide were transferred
upon contact. The enhanced bioavailability of electrostatically
bound particles thus enables effective killing of resistant mos-
quitoes with WHO-approved doses of public health insecticides.

Short Contact and Low Insecticide Doses. To test further the po-
tential vector-control capacity of electrostatic netting, the expo-
sure period was reduced, and the dose of test insecticides was
lowered. A 5-s exposure time was included to mimic situations in
which mosquitoes make only short and transient contact with a
treated surface, for instance when netting is applied in eave screens.
The impact of exposure on the highly resistant An. gammbiae Tiassale
strain and its susceptible counterpart (Kisumu strain) were
tested, as were two strains of Cx. quinguefasciatus and one strain
of Ae. aegypti. All strains except the susceptible Kisumu strain
were resistant to LLIN exposure, which killed less than 40%
after 24 h (Table S2). A 5-s contact resulted in overall lower
knockdown and mortality impacts than the 3-min exposures
but confirmed the enhanced bioavailability of deltamethrin on
electrostatic netting. With a 5-s exposure, electrostatic netting
induced significantly higher mortality rates than LLIN netting:
60-100% mortality (P < 0.05 for all groups) (Fig. 4). This increased
impact was observed not only in the resistant laboratory strains but
also in field-collected Culex specimens from the Kilombero valley
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in Tanzania. That mosquito contact as short as 5 s is sufficient to
induce high mortality indicates that the electrostatic coating may be
a useful application technique for vector-control tools for which
nsect-surface contact is short and transient, such as eave screens
or lure-and-kill devices.

Furthermore, experiments were conducted to test whether lower-
than-standard insecticide doses can be used to target mosquitoes
effectively when using electrostatic netting. A 15-fold lower target
dose of deltamethrin (3.7 mg Al/m?) still was able to kill sig-
nificantly more resistant mosquitoes in standard cone assays than
LLIN netting coated with deltamethrin at 55 mg Al/m~ (P <
0.001; Fig. 5). This difference was less pronounced in the Ae.
aegypti strain that showed minimal resistance to the LLIN. These
results show that electrostatic netting can kill highly pyrethroid-
resistant mosquitoes with deltamethrin concentrations 93% lower
than those used on an LLIN and confirm that applying insecticide
particles on an electrostatic coating significantly improves bio-
availability and hence mosquito mortality.

Resistance-Breaking Vector-Control Options. A range of nonpyrethroid
public health insecticides was tested on electrostatic netting, in-
cluding bendiocarb (a carbamate) and azamethiphos (an organo-
phosphate). Chlorfenapyr (a pyrrole), which is a relatively new class
of insecticide for malaria vector control, was evaluated also (34).
With standard 3-min cone assays, all tested insecticides induced
100% mortality in Cx. quinguefasciatus and Ae. aegypti mosquitoes
24 h after exposure (Table 1). When contact time was reduced to
5's, the fast-acting chemicals bendiocarb and azamethiphos still
induced 100% mortality, whereas the slower-acting chlorfenapyr
induced 97% (CI = 89.9-100) and 31% (CI = 15.5-45.7) mortality
in Cx. quinquefasciatus and Ae. aegypti, respectively (Table 1). For
both strains, 5-s exposures to chlorfenapyr achieved 100% killing
after 48 h. These findings show that the electrostatic coating can
be used to apply multiple insecticide classes onto polyester netting
effectively and can achieve high mortality rates in mosquitoes
from all important vector genera.

Discussion

For the first time, to our knowledge, these data have demon-
strated a new technique to apply and retain insecticides on ver-
tical treated surfaces without a carrier formulation. Results show
that the uptake of insecticidal particles from electrostatic netting
is much more efficient than the uptake from an LLIN at almost
similar or lower target doses of active ingredient per unit surface

MBN-DOT FUMOZR | FUMOZ-base

An, funestus

Corrected mortality percentage (n = 50 mosquitoes per treatment) 24 h after pyrethroid-resistant anopheline mosquito strains were exposed 1o

PermaNet netting (55 mg deltamethrin/m?; blue bars) or electrostatic netting (37 mg deltamethrin/m?; red bars) for 3 min. For each treatment, the mortality
of mosquitoes exposed to insecticide was corrected for the mortality of counterparts exposed to contro! netting using Abbott's formula. Asterisks indicate

significant differences determined by ? test; ***P < 0.001.
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Fig. 4. Corrected mortality percentage (n = 50 mosquitoes per treatment) 24 h after pyrethroid-resistant mosquito strains were exposed to PermaNet netting
(55 mg deltamethrin/m?; blue bars), or electrostatic netting (37 mg deltamethrin/m?; red bars) for 5 s. For each treatment, the mortality of mosquitoes
exposed to insecticide was corrected for the mortality of counterparts exposed to control netting using Abbott's formula. Asterisks indicate significant

differences determined by y? test; *P < 0.05; ***P < 0.001; ns, not significant.

area. Fluorescent dust tests provided visual support of high
powder-transfer efficacy even upon short and transient contact.
High insecticidal efficacy of electrostatic netting against six
Anopheles mosquito strains with different mechanisms of pyre-
throid resistance from across Africa was demonstrated. Even
with a mere 5-s contact and at a 15-fold lower dose, the impact of
deltamethrin on electrostatic netting was significantly higher
than the impact of deltamethrin on an LLIN, confirming the
increased bioavailability of the active ingredient. Because the
active compound, deltamethrin, was kept unaltered in these
comparisons and the observed increases in mortality were similar
in all strains regardless of their resistance status, it is unlikely
that the mosquitocidal impacts were augmented by differences in
modes of action, toxicity, or resistance mechanisms. It is likely
that the higher mortality observed results solely from the sig-
nificant increase in the effective contamination dose, which

s pe

exceeds the dose that can be tolerated by resistant strains. Sim-
ilar results indicating that higher dosages of permethrin kill re-
sistant genotypes more efficiently than lower dosages have been
reported previously (35). This innovative application method
presents an opportunity to improve greatly the control of malaria
mosquitoes, in particular those that have become resistant to the
insecticides recommended by the WHO.

Netting is a useful application surface for targeting mosquitoes
because it can be deployed in house-screening tools and bednets.
Currently, insecticide applications for polyester, polyethylene, or
polypropylene netting fibers are limited to pyrethroids, the only
class of insecticides that can withstand the high temperatures in-
volved in the impregnation process and considered safe enough
when contacted daily by humans to be used in bednets. By using
the electrostatic coating, we were able to apply multiple public
health insecticide classes onto polyester fibers successfully. The
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Fig. 5. Corrected mortality percentage (n = 50 mosquitoes per treatment) 24 h after pyrethroid-resistant mosquito strains were exposed for 3 min to
PermaNet netting coated with deltamethrin (55 mg Al/m?: blue bars), a 15-fold lower dose of deltamethrin on electrostatic netting (3.7 mg Al/m?: black bars),
or a similar dose of deltamethrin on electrostatic netting (37 mg Al/m?; red bars). For each treatment, the mortality of mosquitoes exposed to insecticide was
corrected for the mortality of counterparts exposed to control netting using Abbott's formula. Asterisks indicate significant differences determined by 3 test;

*P < 0.05; ***P < 0.001; ns, not significant.
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Table 1.
insecticide-loaded electrostatic-coated gauze

10% azamethiphos

Corrected knockdown and mortality in exposed C. quinquefasciatus or A. aegypti mosquitoes after contact with

20% chlorfenapyr 1.25% bendiocarb

Mosquito Exposure Knockdown, Mortality, Knockdown, Mortality, Knockdown, Mortality,
genus Strain time N % (95% Cl) % (95% Cl) N % (95% Cl) % (95% Cl) N % (95% () % (95% Cl)
Culex 12C-CX 5s 32 87.5(76.1-98.9) 100 29 3.4(0.1-10.1) 96.6 (89.9-100) 48 100 100
(laboratory) 3 min 48 100 100 44 390 (72.7-93.9 100 a7 100 100
Aedes 12C-AE 5s 48 83.3 (72.7-93.9) 100 36 0.0 30.6 (15.5-45.7) 50 92.0 (84.6-99.4) 100
(laboratory) 3 min 46 100 100 53 0.0 100 a4 100 100

Corrected knockdown and mortality in percentage of C. quinquefasciatus or A. aegypti mosquitoes after 5-s or 3-min contact with electrostatic coated
gauze loaded with public health insecticides in powder form. N indicates the total number of mosquitoes exposed per strain (in groups of five to eight
mosquitoes). Knockdown and mortality rates are shown with 5% Cls calculated for each pooled sample proportion.

ability to deploy multiple insecticides effectively against all im-
portant mosquito vector genera opens a myriad of resistance-
breaking opportunities to improve the impact of vector control in
areas where insecticide resistance is a problem. The electrostatic
coating is not limited to insecticidal applications. Previous studies
show that it can be used effectively to apply novel and biological
control agents such as entomopathogens and autodisseminants.
Experiments with Beauveria bassiana spores and pyriproxyfen
applied on electrostatic netting inside a novel Aedes ovitrap
showed that effective doses of these agents were transferred to
gravid aedine mosquitoes, inducing high fungus infection rates
and successful larvicide dissemination (36). Electrostatic netting
thus can provide a means to apply and deploy novel insecticides
currently under development (16), which can further assist in the
management of insecticide resistance. Further experiments will
focus on using combination products, such as multiple classes of
insecticides and combinations with potentially synergistic biological
agents (37, 38), and on determining particle characteristics to in-
vestigate binding and retention on the electrostatic netting. In-depth
knowledge of the binding strength of various types of insecticidal
particles to the coating might result in further optimization of
electrostatic netting for insect control.

This application technique has potential for use in a large
variety of vector-control tools. The electrostatic coating can be
applied effectively onto various surfaces, including walls, via
spray or paint. Quality control tests with the electrostatic coating
on antipollen screens have shown that the electrostatic netting
fibers can be washed up to 40 times and still retain the electro-
static charge. Thus coated surfaces can remain active for long
time periods and can be reloaded with insecticide at appropriate
time intervals. This feature may be of particular use for IRS-like
wall applications and tools that use removable inserts. However,
further research and field tests will be needed to demonstrate the
impact and utility of the coating on different (re)treated sub-
strates and in novel vector-control products.

The electrostatic coating is not considered suitable for bednet
treatment, because WHO approves only pyrethroid impregna-
tions for such products (39), and reduced efficacy with direct
contact and repeated handling of the netting is anticipated.
Electrostatic netting can be useful for house-screening products
and point-source applications such as mosquito traps (36). The
use of electrostatic netting placed at the eave level of rural
houses in Tanzania is currently being investigated. In these
houses, the eaves are sealed, and 6-in eave tubes are inserted
into the wall. Mosquitoes attracted to the human odors that pass
through the tubes are blocked from house entry by electrostatic
netting that covers the eave tube. Ongoing field studies indicate
that bendiocarb- and deltamethrin-saturated electrostatic netting
is highly effective when placed in eave tubes. Large-scale field
tests in an area with high frequency of insecticide resistance and
particularly multiple insecticide resistance, such as West Africa,
would be a next logical step in this research.

Andriessen et al.

When electrostatic netting is deployed, even 15-fold lower
doses of approved public health insecticides can kill resistant
mosquito strains effectively. The electrostatic mode of applica-
tion thus may provide a means to lower the total amount of Al
needed for effective vector control. More studies will be needed
to measure the extent to which doses can be lowered for different
insecticides while still achieving resistance-breaking impacts. The
potential ability to reduce insecticide application doses in mos-
quito-control tools could help reduce negative impacts on human
health and the environment and might provide more cost-effective
vector-control options; such options currently are needed in dis-
case-endemic regions where resources are limited.

In conclusion, the application of electrostatically adhered
particles can boost the efficacy and provide resistance-breaking
applications of currently recommended public health insectic-
ides. Electrostatic netting offers a wide range of application
options for vector control, potentially using insecticide combi-
nations or mosaicking/rotations of multiple bioactives and/or
novel classes of insecticides. Insecticide resistance is a growing
problem in many countries; a new application technique that can
boost insecticidal impact, reduce application doses, and expand
options for using other bioactives will provide a significant step
forward in vector control and resistance management.

Materials and Methods

Mosquitoes. Mosquito strain specifications, origins, and resistance profiles are
listed in Tables $3 and 54. Ae. aegypti and Cx. quinguefasciatus strains were
reared and maintained under laboratory conditions at In2Care BV. An. gam-
biae strains were reared under laboratory conditions at the Liverpool School of
Tropical Medicine or at the Vector Control Reference Laboratory in Johannesburg,
South Africa. Cx. quinquefasciatus specimens were collected as larvae from
septic tanks in the field in Ifakara, Tanzania (8.05592 5, 36.41001 E) in March
2014 and were kept under ambient conditions. To exclude the impact of
intrinsic factors related to insecticide toxicity, all mosquito cohorts used
comprised 2- to 6-d-old unfed females, according to the WHO protocol (40).

Anopheline Resistance Levels. The deltamethrin-resistance status of the
anopheline mosquito strains tested in the Vector Control Reference Labo-
ratory in Johannesburg, South Africa was confirmed. Standard WHO re-
sistance assays were performed, comprising a 1-h exposure of two replicate
groups of 25 unfed females (2- to 4-d-old) per strain, using test tubes lined
with 0.05% deltamethrin papers obtained by the WHO vector-control ref-
erence unit in Malaysia. The susceptible strains (SUA, TONGs, KGB, and FANG)
were included to confirm the insecticidal activity of the WHO test papers (Fig.
$1). The susceptible strains all showed 100% knockdown after 1 h and 100%
mortality 24 h after exposure. Results of the knockdown and mortality rates
of the resistant lines are shown in Tables $1 and $2.

Insecticides. For baseline pyrethroid impacts, bicavailability tests used a
standard WHO-recommended bednet, PermaNet 2.0 (Vestergaard-Frandsen)
(41), a long-lasting insecticide-treated polyester net that contains coated del-
tamethrin (target dose, 55 mg Al/m?) obtained through the courtesy of Helen
Pates, Vestergaard-Frandsen, Lausanne, Switzerland. To evaluate electrostatic
netting samples, we used a deltamethrin powder (Spritex antiwasp powder
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containing 0.25% Al) produced by Denka international BV. Electrostatic net-
ting was manufactured by Van Heek Textiles BV. Netting samples of 15 x 15 cm
were fully saturated with deltamethrin powder by manually shaking an
excess of powder on the gauze in a closed container, resulting in a target
dose of 37 mg Al/m? gauze. A dilution of deltamethrin dust was prepared by
mixing 10% Spritex antiwasp powder and 90% inert dust (synthetic amor-
phous silica; van Eck BV). This dilution was applied onto netting by the same
application method, resulting in a target dose of 3.7 mg Al/m?2 Untreated
polyester bednet material (Vestergaard Frandsen) and untreated electrostatic
polyester netting (Van Heek Textiles BV) were included as control treatments.

Bioassays with other public health insecticide classes deployed 1.25%
bendiocarb dust (Ficam D; Bayer), 10% azamethiphos wettable powder
(Twenty One WP), and 20% chlorfenapyr powder (technical-grade chlorfe-
napyr obtained from CTF2000) mixed in inert dust. These tests included
untreated electrostatic polyester netting as control treatments.

Exposure Assays. Three-minute exposures were conducted using cone assays
according to the WHO protocol (40). Short-contact assays were conducted
using a similar set-up made from 1.5-L plastic bottles with the lower half
removed and the open end covered with treated netting (42). In all expo-
sures the mosquito numbers and ages were according to the WHO protocol
and manual aspirators were used to remove the mosquitoes from the cones
after 3-min gauze contact or from the bottles after 5-s gauze contact. After
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exposure, mosquito cohorts were pooled per treatment, and 1-h knockdown
and 24-h mortality were recorded.

Statistical Analysis. If the control mortality ranged between 5% and 20%,
mortality data were corrected using Abbott’s formula to adjust mortality:
{%) = (X ~ Y){100 -~ Y} x 100, where X is the percentage mortality in the
treated sample and Y is the percentage mortality in the untreated control
sample. Data were analyzed using SPSS 21.0 software. For each experiment,
treatments were compared using ° tests to test for significance. 95% Cls were
estimated for the pooled sample proportions, using the one-sample test of
proportions formula: ¢ = (p + z*\/(f)(1- PYn))* 100, where p is the sample
proportion, z is the critical value for a 95% Cl, and n is the sample size.
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Fig. $1. Average (+ SE) mortality and knockdown rates of two groups of 25 female pyrethroid-resistant anopheline strains from the Vector Control Research
Unit (VCRU) measured 1 h (blue bars) or 24 h (red bars) after 1-h exposure to 0.05% deltamethrin papers in WHO test tubes.
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Fig. $2. Mortality rates of susceptible anopheline strains measured 24 h after 3-min exposure to PermaNet 2.0 netting containing 55 mg/m? deltamethrin
{blue) or electrostatic netting containing 37 mg/m2 deltamethrin (red).
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Table $3. Origin, rearing, strain, and exposure specifics of the susceptible mosquitoes and the mosquito strains with undefined
resistance used in the insecticide bioassays

Mosquito species Susceptible mosquitoes Mosquitoes with undefined resistance

Mosquito An. gambiae s.s. An. gambiae s.s. An. arabiensis An. funestus Ae. aegypti Cx. quinquefasciatus Cx. quinquefasciatus
species

Mosquito Kisumu SUA KGB FANG 12C-AE 12C-CX Field-collected
strain

Origin Kisumu, Suakoko, Kanyembe, Southern Aruba USA Kilombero,

Kenya Liberia Zimbabwe Angola Tanzania

Reared by LSTM (LITE) VCRU VCRU VCRU In2Care In2Care N/A

Selected None Nonhe None None None (field- None None (field-
resistance collected 01/2012) collected 03/2014)

Resistance Fully Fully Fully Fully Unknown Fully susceptible Fully susceptible
profile susceptible susceptible susceptible susceptible

Exposure 13/03/14 28/11/14 26/11/14 30/11/14 10/02/14 17102114 28/03/14
date

Mosquito 3-6d 2-4d 2d 2d 3-6d 3-4d 2d
age

LST (LITE), Liverpool School of Tropical Medicine (Liverpool Insect Testing Establishment).

Table $4. Origin, rearing, strain, resistance status, and exposure specifics of mosquito strains with well-defined resistance profiles used
in the insecticide bioassays

Mosquito species An. gambiae s.s. An. gambiae s.s. An. arabiensis An. arabjensis An. funestus An. funestus

Mosquito strain  Tiassale Tongs SENN-DDT MBN-DDT Fumoz-R Fumoz-base

Origin Tiassale, Tongon, Sennar, Sudan KwaZulu Natal, Mozambique Mozambique

Burkina Faso lvory Coast South Africa

Reared by LSTM (LITE) VCRU VCRU VCRU VCRU VCRU

Selected Pyrethroid Multiple, DDT resistance DDT resistance Permethrin resistance Naturally multiple
resistance resistance no selection (selected since 1995) (selected until 2013) (selected until 2001) resistant

since 2010

Resistance Kdr and P450s Not known Kdr, GSTs, P450s, Kdr, P450s, P450s, GST P450, GST
profile esterases GSTs, esterases

Exposure date 13/03/2014 26/11/14 25/11/14 01/12/2014 25/11114 27111714

Mosquito age 2-4d 3d 3d 2or3d 2-4d 2-4d

LST (LITE}, Liverpool School of Tropical Medicine (Liverpool Insect Testing Establishment).

Andriessen et al. www.pnas.org/cgi/content/short/1510801112 30f3
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Introduction

Dengue virus (DENV) is a self-limiting illness in tropical and subtropical regions around the
globe caused by four closely related, but distinct, virus serotypes (DENV-1, -2, -3, and -4) that
are transmitted among humans by mosquitoes, primarily Aedes aegypti [1]. Approximately 4
billion people living in more than 128 countries are at risk of infection [2]. Each year there are
an estimated 400 million new infections, of which about 100 million manifest as apparent ill-
ness [3]. The outcome of human infections ranges from asymptomatic to mild illness to severe,
life-threatening disease [4]. DENV not only causes more human morbidity and mortality than
any other arthropod-borne virus but it is also a growing public health threat. There has been a
dramatic 4-fold increase in dengue cases between 1990-2013 and dengue continues to expand
in geographic range [2,3,5,5].

Presently, vector control is the primary means for preventing dengue [7]. Several vaccine
constructs are in clinical trials and initial results are encouraging [8]; recently licensure was

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004588 May 26, 2016
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granted for the Sanofi Pasteur vaccine in Mexico, Brazil, and the Philippines [3]. A few well-doc-
umented successes indicate that, when rigorously applied, vector control can reduce dengue.
The advent of DDT in 1947 led to a hemisphere-wide program in the 1950s and 1960s across
Central and South America that dramatically reduced Ae. aegypti populations resulting in

i 1] and the

rare and ultimately transient. Dengue reinvaded Latin America after the Ae. aegypti eradication

campaign ended, rebounded in Singapore and Cuba after 20 and 16 years of successful control,
Although the concept of dengue vector control seems straightforward, successful broad—

,,,,,,, 71. In most settings,

dengue vector control failed to prevent epidemics and it is not slowing expansion of the virus’s

scale application has been difficult to achieve and even harder to sustain [}

responses to a robust virus transmission system. Outbreaks may occur due to combinations of
risk factors, including expanding Ae. aegypti populations, virus and mosquito dispersal via
extensive human travel networks, weak vector control infrastructure, lack of resources to
mount effective interventions lack of political will, and ineffective implementation of existing
tive, but only when 1mplementation is expedient, comprehensrve, and sustained [7].

Despite these major challenges, there is growing interest in combining vector control with
vaccination once a dengue vaccine becomes widely available, which recognizes that one inter-
vention is insufficient to effectively reduce the burden of disease. Theoretically, a dengue vac-
cine could elevate herd immunity, making it easier to sustain the effects of vector control on
virus transmission. Similarly, vector control could lower the force of DFNV infection making
it easier to achieve vaccine delivery goals [2¢6

The next critical step is selecting vector control strategies that are best suited for combining
with a vaccine. Selection criteria will likely depend on local dengue ecologies. Some funding
agencies are responding by enabling investigators and developers to carry out quantitative and
epidemiologic assessments of novel approaches, e.g., release of Wolbachia-infected Ae. aegypti
[24,2 “,J spatial repellents and vapor active msectrcrdes [V/j,?r,"] and enhanced community

24]. Surprisingly, most exist-

ing dengue vector control strategies (e.g., larvicides and outdoor versus indoor insecticide
space spraying) have not been robustly evaluated for 1mpact on reducing human 1nfection and

Along with underpowered and inefficient control responses, the fact that current dengue vector
control tools and strategies lack quantitative evidence of efficacy from field trials helps explain
why contemporary control programs fail more often than they succeed.

A Partnership for Dengue Control—sponsored Workshop was convened to begin to address
able that may have the highest probability of success in reducing dengue and field trial experi-
mental design attributes necessary to assess their efficacy. Although vaccines will likely be
implemented concurrently with vector control, before that can be done epidemiological trials
are needed to quantify the protective efficacy of vector control interventions alone. Results will
provide a benchmark for subsequent trials in which combinations of interventions are assessed.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004588 May 26, 2016 2/11
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This approach builds on recent calls for increased rigor in the design of vector control studies
results of the proposed trial described herein will be relevant for prevention of other Ae.
aegypti-borne viral infections of increasing public health importance, such as chikungunya

Dengue Vector Control Experimental Design Considerations
Ecological Complexities

Aedes aegypti will be the primary target of our intervention. Other mosquito species such as Aedes
albopictus and Aedes polynesiensis can play secondary roles in DENV transmission in specific geo-
to simplify interpretation of trial results. Given the overlapping distribution of Ae. aegypti and
other vectors of DENV, especially Ae. albopictus, if this is not achievable, the difference in ecology
across the species present must be taken into account when selecting control methods, interven-
tion application locations, and in the interpretation of results. If a site where only Ae. aegypti is
present is identified, trials may need to be repeated where other vector species are present.

38,39]. Transmis-

density hotspots) are highly focal, seldom larger than 30 m, and, even though they can consis-
tently be detected, they are temporally unstable, i.e., fine-scale mosquito abundance is continu-
are at risk of infection both in their homes and when they leave home. We therefore recom-
mend (1) accounting for human movement in a cluster-randomized controlled trial (RCT)
study design by either applying means to measure movement patterns during the follow-up
period or focusing on a least mobile section of the population and (2) conducting intervention
trials in areas with historically high levels of human infection rather than attempting to identify
and attack mosquito hotspots.

Possible Control Tools

Given Ae. aegypti’s peri-domestic habits, key candidate tools for vector control are those based
on the use of long-lasting formulations of synthetic pyrethroids applied to walls, curtains, win-
dow screens, and water container covers [7]. Reduction of larval sources through either con-
tainer removal or applications of insecticides or biological agents can decrease adult mosquito
extensive insecticide fogging. To be most effective, larval control needs to be combined with
methods targeting adult mosquitoes [7]. Recent evidence suggests that insecticide-treated cur-
tains, window screens, and covers on water-holding containers can reduce Ae. aegypti densities

grated approach. Innovative vector control tools that are currently being evaluated for malaria
should be explored for dengue.

Defining Impact
The protective efficacy (PE) of a treatment relates the risk of infection within a group that

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004588 May 26, 2016 3/11

ED_005208A_00181440-00075



NEGLECTED
TROPICAL DISEASES

l J Consider two blocks under treatment and two under

control. If every home participates in the treatment,
the protective efficacy, PE, is given as:

Risk of infection in treatment group

L PE=1-

Risk of infection in control group

If f represents the percent of individuals accepting
intervention (i.e., coverage level}, then the direct, in-
direct, total, and overall protective efficacy (FPEp,
PEp, PEp, and PEy) are given as [adapted from

Treatment : Control [5913:

Risk in accepting treatment homes Risk in non-accepting treatment homes
Risk in non-accepting treatment homes ' Risk in control homes

Risk in accepting treatment homes
Risk in control homes

Fig 1. Protective efficacy: basic definitions.

doi:10.1371/journal.pntd.0004588.9001

the trial, special messaging will be used to maximize the participation rate. By accounting accu-
rately for individuals (or homes) within treatment areas that decline to participate in the trial,
but still provide data on infection status, the relative direct and indirect effects of the trial can

tions offer an effective way to explore the expected relative impacts of an intervention with a
given metric, e.g., a 50% reduction in larval habitats can lead to a 75% reduction in vectorial

calculated from an RCT, the mathematical form of these dynamics will help identify metrics
most likely to track transmission intensity and support the recommendation of appropriate

combinations of interventions to achieve maximum reduction in infection and disease.

Measuring Outcomes

Vector control is designed to directly impact mosquito populations. Although the primary end-
points of the proposed study are epidemiological, there are several crucial reasons why mos-
quito populations should be measured. In addition to continual testing for insecticide
resistance in adults and larvae, longitudinal monitoring of immature and adult mosquito densi-
ties are necessary to confirm that the intervention affected the mosquito population as
expected, and adult mosquito data can be used to assess the relative transmission risks inherent
in each cluster. If mosquito densities vary in space so that some locations systematically over-

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004588 May 26, 2016 4/11
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or under-produce compared to other locations, population dynamics should be characterized
before the trial begins and used to stratify randomization of treatment and control clusters.
Epidemiologic impact will be determined using three complementary approaches: longitu-
dinal cohorts, febrile surveillance, and geographic clusters. Seroconversion by participants in
prospective longitudinal cohorts is one way to accurately detect differences in human DENV
infection and relative risk of infection [24,51]. Identifying seroconversions to tertiary or quater-
nary infections is difficult, thus a pediatric cohort in endemic settings would be advantageous
to maximize transmission detection (i.e., people who enter the study as immunologically naive
or have a monotypic antibody response) and minimize the potential for movement between
treatment and control study arms. Serostatus will be monitored to determine if there was more
than one infection between any two tests. At locations where more than one flavivirus is trans-
mitted (e.g., yellow fever, Japanese encephalitis, Zika) or where people have been vaccinated
against other flaviviruses (e.g., yellow fever, Japanese encephalitis), interpretation of DENV
seroconversions will need to account for cross-immunity to closely related viruses. If a trial is
conducted in concert with, or soon after, administration of a DENV vaccine, the design can

include a surrogate endpoint of clinically apparent DENV infections that are virologically con-
endpoint could be used for vaccinated populations if, in the future, new assays are developed
that can differentiate the immune response to vaccination versus a natural DENV exposure.
Within a subset of identified neighborhood clusters, participants will be recruited for a lon-
gitudinal cohort. Routine febrile surveillance consisting of one to three visits per household per
week of people living near cohort participants will allow longitudinal comparisons of people
within a designated radius (~100m) of a person with a laboratory-diagnosed DENV infection
(the index case) will measure variation in fine-scale spatial patterns of DENV transmission

will depend on background transmission, local herd immunity, anticipated effect size of the
intervention, between cluster variation, and logistics capacity.

Design and Analysis

Given the diffusive effect of mosquito dispersal on transmission risk, vector control trials typi-

vector control on dengue transmission, as opposed to other mosquito-borne diseases such as
malaria, is that dengue vectors bite during the day. People who live within a cluster assigned to
receive the intervention may, therefore, spend a considerable amount of their day at risk of infec-
tion in untreated areas. Conversely, those living in untreated areas may move into treated areas
during their daytime activities. To estimate accurately the effectiveness of vector control on den-
gue transmission, information on the movement patterns of individuals within the treatment
and control arms is needed to estimate individual-level time under coverage. One way to limit
the effect of human movement is to have clusters that include large geographic areas and to
enroll children who may not be as mobile as adults, although this may be operationally difficult
to achieve and expensive. The effectiveness of a community-applied strategy, as often occurs in
As an individual spends increasingly more time in locations where transmission continues
unhindered, their individual risk of infection recovers to background levels. By incorporating

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004588 May 26, 2016 5/11
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Measuring movement / time under coverage

GlIS/diffusion:  Using exact locations for each home, and anp
estimnated diffuston kernel, simply integrate the kernel over the
treated area centered at the home of each participant.

Movement surveys: Using a sequence of retrospective movement
surveys, parameterize a movement algorithin for cach individual.
Sum up estimated time spent within treated area.

GPS: Track the location of each (or a sample) of participants and
stn thine within treated area.

100
90
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70
&0
50
40
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10

abelsAcD JBpuUn Uil %

Individoals living in the interior of the weatment area will likely
spend more time uader coverage in the treated area. Individu-
als spend a considerable amount of time in thelr home, so nou-
participating individuals living on the edge may experience nunimal
protective effect.

Measuring efficacy
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Measuring individual movements results in the ability to fit the
relationship between ‘time under coverage’ and risk of infection.
Even if no individuals remain under coverage continnously the
entire trial, the maximum effect may be estimable. Different clusters
can be included as random effects.

The shape of this relationship may vary from one context to another
and shouald be fit with a flexible functional form (e.g.. splines).

Non-accepting
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Calculating protective efficacy

Under the simplifying assomption that individuals in the control area never visit a treatment
area (an assumption easily removed), calculating protective efficacy requires appropriately
weighting the observed data and fitted relationship between time under coverage and risk of
infecton. If p4 represents the pdf of time under coverage for individuals who participate
and live in the treatment area, py represents the pdf of time under coverage for individnals
who refuse to participate, but live in the treatment area, and A{Z) is the fitted relationship
between time under coverage and risk of infection, then we can redefine protective efficacy

Jo PN
INONGE:

Jy P

Jo palBAB)

PErp =l - o
Risk in conirol homes

% time under covereage

Risk in control homes

FPEs=1-{F(1~PEs+ (11— {1~ PEp)

Fig 2. Estimating protective efficacy when considering movement out of coverage areas.

doi:10.1371/journal pntd.0004588.9002
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individual-level time under coverage in analyses, the maximum possible effect (as well as the
¢ 2). When possible, if

movement patterns systematically differ across cluster arms, random assignment of clusters to
treatment versus control should be stratified by movement level, much like cluster stratification

An alternate design to the “dose-response” approach described above would focus on only
those individuals who move the least. Initial movement surveys may identify a sub-population
that is less mobile, i.e., young children. Clusters can then be defined based on movement range
and design, and analysis can use the standard metrics described in Fig i. This approach might
necessitate large numbers of participants in clusters if fewer susceptible individuals qualify for
enrollment. On the other hand, this approach directly assesses treatment with a more rigorous,
but potentially less valid, assumption of equal exposure to all those who are treated. The choice
as to which study design is optimal will likely be context and resource dependent. If the more
rigorous option is taken, movement data and analyses metrics in Fig 7 can be applied as a sec-
ondary endpoint.

Site Selection

Trial site selection will follow a detailed process of criteria evaluation to identify locations with
information on transmission intensity and local Ae. aegypti population dynamics. Infrastruc-
ture and trained personnel must be in place for measuring entomological and epidemiological
outcomes. Community engagement of study participants should be ongoing throughout the
entire trial period. Public opinion and compliance will be key for a successful assessment. A
framework for communicating with stakeholders has been developed for evaluating genetically
modified mosquitoes, a strategy in which public opinion and compliance are challenging and

Preliminary studies on opinions about vector control will help inform the most effective
strategy. Local Ae. aegypti populations will be screened for resistance to determine available
insecticides for each potential site. Baseline virology and vector sampling should be carried out
for one year before interventions and intervention should last for at least two transmission sea-
sons to account for inter-annual variation in transmission and mosquito population densities.
It will be important for funders to understand the return on investment of longer duration tri-
als for informed decision-making.

Concerns
Insecticide Resistance

Insecticide resistance is a particularly worrisome challenge for dengue prevention because
most dengue vector control strategies rely heavily on the use of chemical control. The resis-
tance status of the target vector population should be taken into consideration when designing
interventions to ensure that the product used will not only achieve maximum impact but have
sustained effects throughout anticipated DENV transmission cycles. Resistance should be
Given the extended duration of continual insecticide application, options to mitigate selection
pressure should be determined prior to intervention roll-out to avoid, mitigate, and minimize
the development of resistance associated with the specific interventions. The degree to which
insecticide resistance compromises dengue vector control efficacy remains largely unknown,
but should not be underestimated given that the most cost-effective vector control tools rely
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Ethics

will be applied. As such, community authorization and participation is a priority for site selec-
tion and conducting a meaningful trial. After the regulatory process has been defined, thorough
ethical evaluation of the study design will be carried out, including the possible use of a placebo
if no established intervention is used. During the trial, government and public health dengue
control programs must be allowed to conduct routine vector control activities because this can-
not ethically be prevented or hindered. Trial management should follow fundamentals used for
Good Clinical Practice, including standard operating procedures; a trial steering committee;
convening or engaging data monitoring, safety, and ethics committees; a dedicated trial moni-
tor; and that the analytical plan should be finalized before commencement of the trial.

Recommendation

The “local and focal” nature of DENV transmission and the often large variation in transmis-
sion patterns from year to year, combined with the short-range dispersal of the day-biting vec-
tor Ae. aegypti, create a challenging context for evaluating the effectiveness of any dengue
vector control intervention. Detecting a causal relationship between entomological impact and
a reduction in dengue transmission intensity requires careful trial design. Within the design of
an RCT, it is important to account for human movement patterns. If human moverment is
ignored, a successful intervention may appear to have failed. Ignoring human movement dur-
ing study design considerations would require an artificial increase in the expected effective-
ness to achieve adequate power because every individual in a treatment cluster will be
predicted to have the “maximum” effect. Ignoring human movement during analysis would
almost certainly reduce the ability to detect a significant effect of the intervention due to spill-
over of “treated” individuals into areas without protection. Potential confounding factors such
as the development of insecticide resistance over the course of the trial or an unanticipated lack
of residual effect of the intervention could directly compromise trial outcomes and should be
closely monitored. Building a bridge between dengue control experiences and those of other
vector-borne pathogens, especially Plasmodium, may accelerate advancement of control tech-
niques across multiple diseases.

Conclusions

Very few vector control tools for any mosquito-borne pathogen have been assessed in
Cochrane-style reviews, which are generally considered the most rigorous assessment of health

grated Vector Management is endorsed by the World Health Organization for the control of
dengue and other vector-borne diseases [57]. Insecticides cannot be distributed and dissemi-
nated in vast quantities across broad geographic areas without concern for ecological and envi-
ronmental impact. Subjecting any population to continued exposure to insecticides requires
precise estimates of both the costs (economic and environmental) and the public health benefits.
As dengue’s global burden grows, the need for proven effective vector control options will
increase. We argue that quantifying the epidemiological impact of any vector control interven-
tion on DENV transmission will require assessments of human movement. We propose two
options: cluster sizes can be enlarged and maximum age of participants can be reduced until

protection is approximately uniformly felt by all those who are intended to be treated. This
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may, however, greatly increase required resources for already economically challenging trials.
2, human movement patterns can be explicitly incorporated into the calculations for protective
efficacy, with movement either inferred from simple geographic-based movement kernels or
explicitly estimated by extrapolating the movement patterns of a sub-population within each
cluster. Using either approach, intervention trials can provide robust and meaningful informa-
tion. Insights from such trials will help guide the scaling up of effective dengue control strate-
gies, whether vector control alone or in combination with vaccines, and will be applicable to
other Ae. aegypti-borne viral infections of current public health concern, such as chikungunya
and Zika viruses.
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Introduction

Dengue is the most important arboviral
infection of humans. In endemic countries
the scale of the dengue disease burden
imparts an economic cost [1] and strains
fragile health care systems. There are no
licensed vaccines for prevention of dengue,
and the public health response in endemic
countries relies mostly on combating the
principal mosquito vector, Aedes asgyptr, via
insecticides and breeding site removal. The
sustained transmission of dengue in endem-
ic settings together with its increasing global
footprint indicates existing disease control
strategies have been unsuccesstul [2].

Novel vector control approaches to limit
dengue virus (DENV) transmission include
release of Ae. aggypti that carry transgenes
that result in highly penetrant, dominant,
late-acting, female-specific lethality [3]. In
field cage experiments, the release of such
mosquitoes in sufficient numbers results in
eradication of the mosquito population
[4]. Another strategy involves embryonic
introduction of the obligate intracellular
insect bacterium, Wolbachia, into strains of
Ae. aegypti [5]. Strikingly, Wolbackia-infect-
ed Ae. aegypti are partially resistant to
infection with DENV [6], and by virtue
of the intrinsic capacity of some strains of
Wolbackia to invade insect populations
[6,7], there is the prospect of achieving
widespread biological resistance to DENV
amongst Ae. aggypti populations. The life-
shortening impact of some Wolbachia
strains could also contribute to reductions
in disecase transmission [5]. The first
entornological field trials of mosquitoes
infected with Wolbachia (wMel and wMel-
Pop strains) have now been successfully
carried out in Cairns, Australia and have
demonstrated that Wolbackhia can establish
itself at very high prevalence in field
populations of Ade. aggypti [7]. However,
the prospects of demonstrating reduction
in DENV transmission in Cairns are shm
given the episodic, imported nature of
dengue outbreaks in this region.

A critical challenge for all entomological
approaches to control of vector-borne

disease is how best to demonstrate efficacy
in reducing disease transmission [8]. In
principal, the high force of infection in
dengue endemic countries should assist an
evidence-gathering approach to this chal-
lenge. However, a feature of dengue
epidemiology is that it 1s spatially and
temporally heterogeneous [9-11]. Thus
oscillations in disease incidence over time
are common for a given region of
transmission, and within each region it 1s
common for focal “hot spots™ of transmis-
sion to exist [3]. This heterogeneity in
transmission means that uncontrolled ob-
servational studies of dengue transmission
in a community where, for example,
Wolbachia-intected Ae. aegypti have been
released could take many years or decades
to vield evidence that is suggestive of a
benefit. Equally, the heterogeneity of den-
gue transmission poses challenges to tradi-
tional clinical trial approaches, as does the
non-stationary nature of mosquito popula-
tions [8]. Here we review design and
statistical considerations relevant to the
conduct of clinical trials of these novel
interventions and the practical challenges
posed by the epidemiology of dengue in
endemic settings. Whilst our discussion of
trial design is focused on Wolbackie-infected
Ae. asgyp, it 1s also relevant to other vector
control interventions, such as genetically
engineered male mosquitoes carrying a
dominant lethal gene [4], insecticide-im-
pregnated nets [12], or larvacides [13].

Methods

Cluster randomised trials (CRTs) are
the gold standard design to provide
evidence on the efficacy of an intervention
that has community-wide impact [14].
Cluster formation 1s a crucial aspect of
the design of a CRT and requires prior
mapping of the study area with respect to
dengue sero-prevalence, demographics,
and information on movermnent of individ-
uals. Experience from the Cairns {Austra-
hia) release shows that it is feasible to
achieve a prevalence of Wolbachia infec-
tion in A. aeggpti mosquitoes of nearly
100% in treatment clusters within 6
months after first release [7]. Clusters
need to be sufficiently geographically
separated to ensure that 4. aegypri mosqui-
toes present in control clusters remain
virtually free of Wolbachia for the entire
study period.

We consider the incidence of DENV-
seroconversions during a trial as a suitable
primary endpoint and DENV-naive chil-
dren aged 2-5 years hiving in each cluster
as an optimal “sentinel” cohort for
serological surveillance. Young children
are less likely to spend substantial periods
of time outside of their residence and local
community (and hence outside of the
“treatment umbrella”) than more mobile
older children and adults. In addition,
DENV-prevalence in older children is
higher and those remaining naive and
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Figure 1. Sample size estimates for a PCRT or a SWCRT. Total number of clusters required for a PCRT (black lines) or a SWCRT (blue lines)
depending on the size of the intervention effect. Solid lines correspond to 90% power, dashed lines to 80% power. Simulations are based on
parameters determined from the Kamphaeng Phet dengue cohort (Thailand) (described in [10]) with three time periods each of 1-year duration, a
surveillance cohort of 100 children in each cluster, and a two-sided significance level of 5%.
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hence eligible for the study are potentially
less representative of the full population
(for example, for socio-economic reasons).

Two alternative designs are considered.
The first is the classical parallel two-armed
cluster randomised trial (PCRT) in which
each recruited cluster is randomised to
intervention or control, and the interven-
tion is implemented simultaneously across
the relevant clusters. Thus the control
clusters provide contemporaneous controls
tor the intervention clusters. The other
design considered 1s a stepped wedge
cluster randomised trial SWCRT) in
which each cluster 1s assigned to the
control treatment initially and clusters
are subsequently crossed-over to the
intervention in a random selection at fixed
time points until eventually all clusters are
under treatment [15,16]. As dengue is a
seasonal disease, selected cross-over time
points should reflect this. As an example,
for a 3-year study period, the SWCRT

has: all clusters as controls for year 1; half

of the clusters as controls and half as
intervention, randomly selected, for year
2; and all clusters on intervention in year
3. Diagrams of both designs are provided
in Text S1.

SWCRTs have been most frequently
used for evaluating interventions during
routine implementation such as the evalua-
tion of a vaccine on the community level
following a successful individual randomised
trial. From a logistic perspective, they are

attractive, because the intervention can be
rolled out in a step-wise fashion and
evaluated. As clusters are their own controls,
SWCRTs are less sensitive to between-
cluster variation and thus might require a
lower sample size compared to parallel
designs [15]. However, strong temporal
effects may greatly reduce the precision of
estimates as all clusters start out in the
control arm and end as intervention clusters.
Secular trends of dengue during the study
period could confound the treatment effect
causing bias. SWCRTs are less flexible for
trial adaptations such as an extension of the
follow-up period if the observed DENV-
incidence is lower than expected, as all
clusters have already crossed-over to the
intervention at this time point.

Cluster size and cluster separation are
important considerations in the design of
all CRTs, but they require particular
attention in trials of vector control inter-
ventions, for which entomological and
community considerations need be taken
into account. Entomological consider-
ations include the dispersal of Wolbackia-
infected mosquitoes to ensure a persistent
and homogenous effect in treatment
clusters without undue contamination into
untreated clusters that serve as controls.
For dengue trials community consider-
ations include the extent of daily move-
ment within and between clusters that the
surveillance cohorts are likely to under-
take; if the clusters are too small this
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movement may be excessive, and cause
further reduction in any treatment effect.
Thus, data on movement patterns of
children eligible to join the surveillance
cohort together with more information on
the limits of spatial dispersal of Wolbachia-
infected mosquitoes are essential hefore
the cluster formation stage of any trial. An
approach that is widely adopted in CRTs
is the so-called “fried-egg™ design [14], in
which the whole cluster receives the
allocated treatment but only the inner
area of the cluster (the “egg-yolk™) is used
tor surveillance since the treatment effect
in this inner area is less affected by spill-
over from neighbouring clusters that may
be in the opposite treatment arm. We
would therefore suggest that the surveil-
lance cohort in each cluster be drawn from
this inner area of each cluster.

Sample Size Requirements of a
CRT

Sample size requirements for CRTs of a
Wolbachia intervention (or other communi-
ty-based intervention) depend critically on
the size of the intervention effect and on
both the magnitude and the variability
(temporal and spatial) of seroconversion
rates between clusters. To assess this
variability in an example, we used pub-
lished data from 12 primary schools in
Kamphaeng Phet, Thailand, followed over
a 3-year period [10] where the overall
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yearly DENV infection incidences were
7.9%, 6.5%, and 2.2%.

A mixed-effects Poisson-regression mod-
el fitted to these data gave coefficients of
variation (cv, ie., SD/mean) for yearly
DENV infection incidence of 0.27 for
between-school variation, 0.57 for annual
variation, and 0.85 for residual variation
(i.e., variation that cannot be explained by
systematic spatial or temporal variation,
respectively, and corresponds to localized
school and vyear specific varlation). A
detailed description of the model used to
derive these coeflicients of variation can be
found in Text S1. The overall between-
school coefficient of variation over the 3-
year period was 0.52. The same model fit to
data from 43 villages in Cambodia [9], also
showed that temporal and residual varia-
tion are more pronounced than spatial
variation (unpublished data).

We then used the incidence and vari-
ability data reported above to simulate
hypothetical PCRT and SWCRT trials.
Additional assumptions for the trial simu-
lations were a study duration of 3 years
and a surveillance cohort of 100 children
in each cluster. We varied the intervention
effect between a 40% and an 80%
decrease of DENV  seroconversion in
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logical methods of dengue control. Under
realistic assumptions we show it to require
a substantially lower sample size than a
stepped wedge design. Sample size re-
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Abstract

Puerto Rico detected the first confirmed case of chikungunya virus (CHIKV) in May 2074 and the virus rapidly
spread throughout the island. The invasion of CHIKV aliowed us to observe Aedes asgypti (L.} densities,
infection rates, and impact of vector control in urban areas using CDC autocidal gravid ovitraps (AGO traps) for
mosquito control over several years. Because local mosqguitoes can only get the virus from infectious residents,
detecting the presence of virus in mosquitoes functions as a proxy for the presence of virus in people. We moni-
tored the incidence of CHIKY in gravid females of de. asgyptiin four neighborhoods—two with three AGO traps
per home in most homes and two nearby neighborhoods without AGO mosguito control traps. Monitoring of
mosguito density took place weekly using sentinel AGO traps from June to December 2014, In all, 1,334 pools
of female Ae. aegypti (23,329 individuals) were processed by real-time reverse transcription PCR to identify
CHIKV and DENV RNA. Density of Ae. aegypt females was 10.5 times lower (81%} in the two areas with AGO
control traps during the study. Ten times {80.9%) more CHIKV-positive pools were identified in the noninterven-
tion areas (B0/55 pools} than in intervention areas (5/55). We found a significant linear relationship between the
nuimber of positive pools and both density of Ae. aegypti and vector index (average number of expected
infected mosquitoes per trap per week}. Temporal and spatial patterns of positive CHIKY pools suggested
limited virus circulation in areas with AGO traps.

Key words: mosquito control, Aedes aegypti, arboviral transmission, invasive species, vector-borne pathogen

Although chikungunya (CHIKY), dengue (DENV-1, DENV-Z,
DENY-3, and DENV-4), vellow fever (YEV), and Zika (ZIKV)
viruses originally circulate between nonhuman primates and forest
mosquitoes in natural arveas {Gubler 2002, Weaver and Reisen
2010}, over time they have established independent transmission
cycles between humans and domestic mosquitoes in urban areas
(Musso and Gubler 2016). Currenuly, YFV outhreaks are mosily
limited 10 areas where there is movement of the virus from enzootic
foci 1o urbanized areas, whereas the sources of epidemics for the rest
of these arboviruses primarily originate from other infected urban
areas (Monath and Vasconcelos 2013). Lack of vaccines against
CHIK, DENV, and ZIKV determines that vector contrel is the only
available approach for the prevention and control of chikungunya,
dengue, and Zika fevers,

Current  approaches for the control of container Aedes
(Stegomyia) mosquitoes involved in human-to-hwman transmission
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of these arboviruses, such as Aedes aegypti (L.) and Aedes albopictus
(Skuse), are elimination or modification of containers where mos-
quitoes develop, application of larvicides to containers, and spatial
spraying of insecticides against adult mosquitoes. Residual insecti-
cide applications are basically not being used against these vectors,
with the exceptions of some limited use for focal control (around
cases) o some countries (Rirchie et al. 2007). Widespread insecricide
resistance against organophosphate and pyrethroid insecricides has
been reported in Ae. aegypti and to a lesser extent in Ae. @lbopictus
(Vomtas et al. 2012). Interestingly, a variety of larvicides are effect-
ive against the inunature stages of these mosquitoes, including bio-
rational pesticides such as Bacillus thuringiensis isvaelensis, spino-
sad, juvenile hormone mimics, chitin synthesis inhibitors, and bio-
degradable oils (Barrera 2013).

The ongoing, unprecedented geographical expansion of CHIKVY,
DENY, and ZIKV (Bhatt et al. 2013, Weaver and Forrester 2015,
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Higgs 2016) would indicate that vector control is not being effeci-
ively achieved or practiced. Current vector control approaches are
based on a “seek and conteol” strategy to deliver vector control
agents to places where it is thought that mwsquiroes are locatred,
such as by visiting houses to conduct source reduction, farviciding,
and fumigation. The main limitations to that approach are relatively
short-fived action of control measures {2-3 wk) necessitating re-
application of control measures at a frequency that most Vector
Control Programs cannot afford, finding that a large fraction of
houses cannot be treated because residents are not present or refuse
treatment, the increasingly common finding thar a large fraction of
the mosquito population derives from cryptic aquatic habitats, and
insecticide resistance {(Barrera 2013).

Other approaches to vector suppression include luring mosqui-

toes to devices that result in passive or active killing (lure and con-

trol strategy) or by means of releasing modified mosquitoes making
contact with local individuals of their own species to deliver a con-
trol agent (auto-dissemnination strategy). Examples of this latter ap-
proach are the release of males carrying lethal genes, sterilized by
irradiation, infected with Wolbachia bacteria or entomo-pathogenic
fungi, or contaminated with pyriproxyfen (Scholte et al. 2004,
FConner et al. 2012, Alphey et al. 2013, Bellini er al. 2013, Mains
et al. 2018}, The advantage of auto-dissemination approaches is that
once the residents have given their cousent, investing time and
human resources asking for permission to enter and treat individual
houses is unnecessary. Another promising approach not based on
population suppression is to permanently replace a vector mosquito
population with individuals that cannot transmit a particular arbo-
virus (Hoffmann et al. 2011, Aliota et al. 2016}, These novel
approaches are currently in field trials, but none have vet reached
the st

ge of evaluating their impact on human disease.

Insect traps successtully suppress agricultural insect pest popula-
tions (Day and Sjogren 1994) and tsetse flies (Lindh et al. 2009), but
their use as control tools against Ae. aegvpti has been limited to
some Vector Control Programs {Rapley et al. 2009). Several traps
have been tested as control tools, including BG-Sentinel traps
(Dregener et al. 2014) and a variety of ovitraps targeting the eggs
{Regis et al. 2013) or gravid females (Sithiprasasna et al. 2003,
Kitrayapong et al. 2008, Ritchie et al. 2008, Barrera et al. 2014a,
Dregener et al, 2015). Traps targeting ovipositing females eliminate
those mosquitoes already fed on blood and possibly infected with
arboviruses. A disadvantage of using traps as control tools in urban
areas is the need 1o place traps in protected areas on private proper-
ties, thus requiring the consent and acceptance of individual resi-
dents. Another logistical factor is the need to deploy enough traps
per residence in most of the houses to achieve area-wide population
suppression {Degener et al, 2015). As with the other container-
Aedes control tools, testing whether mosquito traps are useful for
the prevention and control of arbovirus infections and human dis-
ease is necessary. Ideally, such studies use epidemiological and clin-
ical data to evaluate the impact of the vector control measure, with
adequate experimental methods like the cluster randomized design
(Waolbers et al. 2017}, However, such a study would require signifi-
cant resources and conducting smaller studies, such as investigating
the incidence of virus in mosquitoes in areas with and withowt con-
trol measures to gather preliminary evidence of efficacy that can re-
duce costs (Lambrechts er al. 2015).

This investigation uvsed that approach to explore if the use of
CBC autocidal gravid ovitraps for control {AGO traps; Mackay
2t al. 2013) could result in significant differences in the incidence of
CHIKY in gravid females of Ae. gegypti between neighborhoods
with and without traps. Local Ae. aegypti mosquitoes may get the

virus from infectious residents or may be born with it {Agarwal et
al. 2014) and a sudden increase and persistence of infected Jocal
mosquitoes is an indirect indicator of ongoing virus transmission
among residents. AGO traps have been tested for their effectiveness
at controlling populations of Ae. wegvpti in two isolated neighbor-
hoods in southern Puerto Rico; ar one site since 2011 and ar the
other one since 2013 {Barrera et al. 2014a,b). The results of this on-
going, longitudinal entomological study have shown that the popu-
tations of Ae. aegypti are being kept 60-80% below expected levels,
without presenting the frequent mosquito outbreaks observed in
two nearby neighborhoods without control traps. After the first de-
tection of CHIKYV cases in Puerto Rico in May 2014 {Sharp et al.
2014}, we used our weekly collections of mosquitoes to compare
CHIKV virus incidence in Ae. agegypti in areas with and without
AGO control traps to test the hypothesis that the presence of control
traps limited local outbreaks of CHIKYV. Given the observed sigrufi-
cant reduction of virus incidence in mosquitoes in areas with traps,
we propose values of Ae. aegypti density thresholds that reduoced
tocal CHIKV transmission in a nenimmune human population. 4
subsequent study of the prevalence of antibodies against CHIKV in
residents of these communities showed significantly lower preva-
lence {50%) in aveas with traps {Lorenzi et al. 2818).

Materials and Methods

The study took place from June ro December 2014 in four neighbor-
hoods in southern Puerto Rico. La Margarita (Intervention area I)
was a relatively isolated community {17° §8/187 I, 66° 18107 W 3
m elevation) with 327 buildings {18 Ha) where three AGO control
traps were deployed per home in 85-87% of homes (793 traps) since
2011,
(Intervention area I} that was also relatively isolated from nearby
commumities (17° $8 137 1, 667 10748" W; 20 m elevartion). Villodas

had 241 houses {11 Ha), and we deployed three AGO control traps

Diecember Villodas was the other intervention area

per home in 83-87% of homes (370 traps). Villodas served as a
nonintervention area from December 2011 to February 2013 when
control AGO traps were deployed as a partial cross-over intervention
{Barrera et al. 2014b). Stationary sentinel AGO traps (SAGQ) were
uniformly disiributed across La Margarita (44 waps) and Villodas
(27 traps) to monitor local Ae. aegvpri populations weekly.

As the study design did not require isolated control areas, the
two nonintervention or reference areas, Arboleda and Playa, were
part of larger neighborhoods. We deployed 30 SAGO taps in
Arboleda (Nonintervention area [) in an area having 398 houses
(177 88467 N, 66° 177237 W; 10 m elevationy 21 Ha}, whereas 28§
SAGO traps were deployed in a sector of Playa (Reference area If)
that had 269 houses (17° $7'59" N, 66° 18'10" W; 1 m elevation;
17 Ha). We serviced both control and sentinel AGO traps every two
months and examined sentine! traps every week to collect and ac-
count for number of adult mosquitoes, species, and sex. Most of the
Ag. aegypti females collected every week from SAGO traps in each
of the four study sites were pooled {1-20 speciinens per pool per site
per week) and preserved at —80°C unul they were processed by real-
rime reverse transcription-polymerase chain reaction (RT-PCR} 1o
fy viral RNA of DENV and CHIKV.

Alr temperature, relative humidity, and rainfall were recorded

identi

using meteorological  stations {HOBO  Data  Loggers, Onset
Computer Corporation, Boume, MA} Jocated in the center of La
Margarita, Villodas, and Arboleda. Because Playa and La Margarita
were adjacent neighborhoods {200 m apart), we used the same me-
teorological data for both communities. We conducted the study
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during the warmer and wetter season part of the vear. Additional de-
tails of the study areas are available (Barrera et al. 2014a,b).

Detecting DENV and CHIKY in Mosquitoes by RT-PCR
Mosquito pools were homogenized using six 2.8-mm ceramic grind-
ing beads (VWR, Radnor, PA) in a Qiagen TissueLyser {Qiagen,
Germantown, MD) at 25 cycles per second for 5 min with 1% bo-
vine serum albumin (pH 7.0}, 1.5 ml of BAT Diluent {2 mM L-ghu-
tamine, Ix M199-Haok’s salts, 0.05 M Tris bufter; pH 7.5},
0.35 mg sodium bicarbonate, 100 uvnits of penicillin, 100 ug of
streptomycin, and 1 pg of Amphotericin B per mi. The homogenate
was centrifuged (3 mmin ar 8,000 rpm) and the supernatant removed
and aliguoted into one tube for virus testing and another one for
storage. RNA was extracted using a Qiagen M48 automated
extractor and Qiagen MagArtract Virus Mini M48 kits. The
presence of CHIKY and DENV ribonucleic acid (RMNA) was detected
by RT-PCR.

RT-PCR for chikungunya was adapted from Lanciott et al.
{2607}, where each reaction contained 12.5 pl of 2x reaction mix,
6.35 ul nuclease free water, 0.25 pl of each primer (forward and re-
verse) at a concentration of 100 uM, 0.15 pl of 2 FAM labeled probe
at a concentration of 235 pM, and 0.5 ul SuperScript U RT/Platinum
Taq polymerase. Fach reaction contained 5.0 pb of RNA template
and amplified in 96-well plated onan Applied Biosystems 75000 Fast
DX Real Ti
multiplex using Tovirrogen's Superscript HE Platinum One-Step quan-
titative RT-PCR system (Santiago et al. 2013). Briefly, each DENV
RT-PCR reaction contained 5.57 ul of nuclease free water, 12.5 ul 2%

e PCR Instrument. Dengue virus RNA was detected in

reaction mix, and 0.25 pl of SuperScript 1II RT/Platinum Tag poly-
merase. Primers were prepared at a solution of 100 M, of which
0.25 ul of DENV type 1 and 3 primers, and 0.125 1l of DENV type 2
and 4 primers were added to the master mix. Thermocycling condi-
tions consisted of three stages: 1) 30min at 50°C, 2} Zmin at 95°C,
and 3) 155 at 95°C and 1 min ar 60°C. Data were collected at the se-
cond step of stage 3, and samples with a Ct value of 37 or below were
considered positive for the presence of virus.

Statistical Analyses

We investigated if the number of females of Ae. aegypii captured per
trap per week was significantly different in areas with and without
traps nsing a generalized linear mixed model analysis (GLMM).
Rainfall (accumulated during the third and second week before each
mosquite samopling), temperature (average of current and 2 wk be-
tore sampling), and relative humidiry {average of current and 2 wk
before sampling) were included as covariates. We used a negative
binomial distribution model with log link and a first-order
anto-regressive function for the covariance structure of the repeated

measures. Study site and trap 1D were included as random facrors to
account for trap variability. In addition, a generalized linear model
{GLM) was employed to determine if the number of positive pools

identified per site per week could be explained by the presence of

AGO control traps (intervention va. nonintervention sites) using the
following covariates: average number of female Ae. asgypti per trap
per week, rainfall, temperature, and refative humidity. The nulf hy-
pothesis was that the number of positive pools detected every week
was not statistically different in areas with and without control
traps. The distribution probability function of the dependent vari-
able was a Poisson with log link. Statistical analyses were performed
using IBM SPSS Statistics 20 software (IBM Corporation, Armonk,
NY). Maximurn likelihood mininnim infection rates of mosquitoes
and two sample tests were calculared using PooledInfRate version
4.0 (Biggerstatf 2016).

The Vector Index {V1), an indicator of the

expected number of imfected mosquitoes per trap per week, was
calculated as the proportion of infected mosquitoes times the
average number of mosquitoes captured per trap per week
(Joneseral. 2011).

Results

Mosquito Dynamics
In total, 26,251 females and 3,649 males of Ae. asgypti were cap-

tured fron

3,859 traps X weeks between June 11 and December 31,
2014 in the four study areas. Most Ae. aegypti females (55.2%) and
males {68%) were captured in Playa, followed by Arboleda {33.5%
ternales, 24.3% males), La Margarita (7.5%, 4.8%), and Villodas
(3.8%, 2.9%; Table 1). Aedes mediovittatus (Coquillett) was cap-
rured in AGO traps but ar very low densities (Table 1). Culex guin-
quefasciatus Say was also commonly captured, but their numbers
were not recorded in this study., The GLMM analysis comparing
vumber of Ae. gegypti per trap per week was significant
(Fsag14==142.6, P < 0.001}, with significant effects of the presence
of AGO control traps (f =204, P <0.001), accumulated rainfall
{t=11.4, P < 0.001}, and teroperature {z = ~4.8§, P < 0. 01). Means
estimated by the model were 11.6 and 1.1 females of Ae. aegypti per
trap per week in nonintervention and intervention areas, respect-
ively (fixed predicrors: rainfall = 30.4 mm; temperature =27.7°C;

relative humidity =75.7%). Thus, as an average, there were 10.5

times more Ae. pti females (919%) in areas without AGO con-
trol traps. The coefficient for accumudated rainfall indicated an aver-
age increase in the number of female Ae. gegvpti per trap per week
of one specimen per mum of rainfall. It can be observed that the mum-
bers of adult females increased following corresponding increases in
rainfall, particularly in the study sites without comntrol traps
{Arboleda, Playa; Fig. 1).

Table 1. Number of Ae. aegypti and Ae. mediovittatus mosquitoes captured in SAGO traps and metrological variablas {mesan + 8E) of the
study sitas registered from Juna to December 2014 in southern Puerto Rico

Study site Ae. aegypti  Ae. aegypti Ae. mediovittatus  Ae. mediovittatus  Avg temp (3 previous  Accumulated rainfall Average relative
females males females males weeks; “C) {2nd and 3rd weeks  humidity (3 previous
before sampling; mnm) weeks; %)
La Margarita 1,963 173 13 i 28.0 x 0.2¢ 30 =+ 6
Villodas 993 102 1 0 27.6 % 0.2 41 = 8
Axboleda 8,807 887 3 0 2731 %02 20+ 4
Plava 14,488 2,487 9 ( 28.0 = 0.27 30 6%
Yoral 26,251 3,649 26 1 277 0.1 30x3

“Data camne from the same meteorologic

al station because these communities are adjacent.
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Detection of DENV and CHIKY in Ae. aegypti

A total of 1,334 pools of Ae. aegypii females were collected and
analyzed by RT-PCR to identify DENV and CHIKY BNA in the
tour study sites. Mosquito pools could not be collecred in 4 wk out

of the 30 wk of the study because of a shortage of personnel (July
1 and 7, August 5 and 24). None of the pools were positive for
DENVY. In total, 55 pools tested positive for CHIKVY, for an overall
infection rate of 2.41 mosquitoes per thousand (1.83-3.11 25%
CE Table 2). The first positive pool was registered on August 19
and the last on December 24. Using data only from Aungust to
December, the overall infection rate would be 3.24 {2.46-4.18;
903 pools, 17,500 specimens). The resulting number of pools and
mosquitoes processed varied per site according to their local abun-
dance {Table 2). Ten times more CHIKV-positive pools were iden-
tified in the nonintervention areas (30/55 pools or 91%; Playa,
Arboleda) than in intervention areas (5/55 or 9%; La Margarita
and Villodas; Table 2). The CHIKVY minimum infection rates in

each of the four sites were similar, with overlapping confidence

intervals {Table 2). A two-sample test of the difference in infection
rates berween sites with the lowest (1.75} and highest {2.40) infec-
tion rates was not significant {(D=—-0.75; —2.47-2.32; P > 0.05).
MNone of the 16 pools of Ae. mediovittatus was positive for DENV
or CHIKV.

The results of the GLM analysis comparing number of positive
pools per site per week between intervention and nonintervention
areas were significant (Wald’s y*=24.1, df =1, P< 0.01}. Positive
pools were detected for seven consecutive weeks out of 10 weeks
showing positive pools in Plava (September 23-November 4}, five
out of 10 weeks in Arboleda (October 7-November 4}, two out of
three weeks in La Margarita (October 21-29), and vo consecutive
positive pools were detected in Villodas (Fig. 1). Consecutive virus
detections in nonintervention areas disappeared when mosquito
densities decreased to 2.4-4.4 female Ae. gegypti per trap per week
on November 12, 2014 (Figs. 1 and 2). The density of Ae. aegypri
in intervention areas were at or below three females per trap per

week (Fig

8272, and they were scattered across the entire Playa and Arboleda

. Most positive pools were registered between October

communities (Figs, 3 and 4). Maps of the locations of positive
pools in the intervention communities were not possible 1o draw,
because given their lower mosquito densities, pools had to be made
from specimens collected in many or most of the traps. For ex-
ample, the total number of female Ae. aegvpti mosquitoes collected
in Villodas on the week of MNovember 4 in all 27 sentinel AGO
traps was 19, so that just one pool was made which was positive
tor CHIKV.

Rainfall peaked rwice during the study; the first and larger peak
during Auguase-September associated with corresponding increases
in Ae. aegypti captures and CHIKY detections, and a second peak in
November assoctated with increases in mosquito densities but scat-
tered virus detections (Fig. 1}. The densities of Ae. aegypti in
nonintervention areas were well above those observed in interven-
tion areas most of the tme (Fig. 2). In spite of the limited rainfall re-
corded in June and July, the density of Ae. gegvpti in
nonintervention areas stayed at relatively high levels (8.5-14.2), The
overall Vi, or expected number of infected mosquitoes per trap per
week, in each of the two intervention sites (0.003) was eight and 14
times smaller than in the noninterventions sites Arboleda (0.024)
and Playa (0.043), respectively (Table 2. The number of positive
pools and average density of Ae. aegypti females per trap per week

" Playa s

15 . 40 %
" g
Eu ; - xs &
oot ﬁ
g2 :m§
EAg 4§t g o & 3
& R &%

P g i
g8 i«i«; zaé I3
LRI
£ g1 Oy R
£ i ‘ 5
H y

;’g 4 AN , ! w‘,g
& i) J ‘

" i T 5 2

[ R el 3

b Arholeda “

45 . 40

o
k-3
]

Pazitive Pools or Radedall {sun)
3
E B ¥
Humber of As. asgypt female per
Trapiienic

e
8

B 4
B - .3
4 4
% - &
o 5
A Lo Margarita it
. o
gm an 5
3 &
Eu =x
\gm a0 &
= B ox
A
£ to A 25 §§
g (F ] ?‘\ &) %
¢ 3 3%
g 8 it i 20 z 2
<3 5] 4 FT P-4 3
& 8 AR I %8
o IR 3 ¥ =
> [ H O - e
£ R ; Py o9
4 FI % R AR
g x Y 5 H U
& $ 3 EA 5 ¥ % g
2 M 5 AN [ A
i [ N LE I i H 3
4 kd
b b,
] : B
" Villodas e
E 4w 4 &
£ Jc‘s %
peg 7 £% x 25 3
3 i & §
§ ¥ -
%13 ; 3 :1: 1]
B 45 i 3 ¢ : 25 ,g
b | N HE Mé
: A Pl 8
H
3" T P mg?
E " HRY] v it . T
P 1 P ) H 3 ot
£ HE v ! =
g 4 / I "
P 3 2 B ¢
£ *® N 4 Foyh o ® g
I AP L S I N
£ £ 3 3 P PSS Y Y Yo% o 3
§3337773888338%38
AR R EEER
- }@ " kS - « 0 2B B3

Fig. 1. Average number of female As. asgypti per sentinel AGQO trap,
CHHIV-positive mosqguito pools, and accumulated rainfall (third and se-
cond week before sampling} per wesk in nonintervention {Playa, Arboleda)
and intervention areas {La Margarita, Villodas) during the second half of
2014 in Puerio Rico,
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Table 2. Number of CHIKV-positive pools of female Ae. asgypti, infection rates (per thousand mosguitoes), average pool size, number of
tested mosquitoss, and average females trapped per week in SAGC traps in each of the study sites in southern Puerto Rico, from June to

December 2014
Study site/ Treatment CHIKVY-positive  CHIKV infection rate Pools {avg Ae. aegypti Average (= SE) VI {avg infected
pools {x 1000; 95% CI) mosquitces/pocl)  femalesin pools  density of female mosguitoes/
Ae. aegypti per trap/week)
trap per week
La Margarita/Intervention 3 1.75(0.46-4.72) 104 (17) 1,730 1.5+ 01 0.003
Villodas/Intervention 2 2.13(0.38-6.98) 65 (15) 950 1.2 2041 0.003
Arbaleda/MNonintervention 19 246 (1.53-3.77) 443 {18} 7,881 0.024
Playa/Nonintervention 31 2.48 (1.72-3.48) 722 (18) 12,768 0.043
Total 35 .41 (1.83-3.11) 1,334 23,329 0.016
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Fig. 2. Average number of female Ae. aegypti per trap per week in intervention {sclid dots) and nonintervention {open dots) areas in Puerio Rico from June 1o

December 2014, The dotted line drawn at three fernales per trap per week separates most average captures between intervention and noninterventions areas.

in the study locations had a highly significant linear relationship
(Fig. §; » =0.998; P < 0.01). The correlation berween number of

positive pools and VI was similar (r = 0.998; P < 0.01).

Discussion

We have shown that using three CDC AGO traps per home in most
homes (>85%) per neighborhood caused sustained reductions of
Ae. aegypti captures in the order of 60-80% for several vears
(Barrera et al. 2014a.b). The purpose of the current investigation
was to determine it mosquito population reduction in areas with
traps was sufficient to prevent or limit the extent of local outbreaks
of CHIKV. The hypothesis was that AGO conteol traps reduce the
incidence of CHIKYV in mosquitoes as a result of lowered vector den-
sities. Aedes aegypii mosquitoes can only acquire the virus from in-
fected persons, and thus virns detection in Ae. aegvpti retlects
infections in people living nearby. This approach to monitoring

virus circulation is not common because the proportion of

mosquitoes infected with arboviruses is geverally very low, thus
requiring large samples, and Ae. agegypii s typically a low-
abundance mosquito {Barrera 2015). An advantage of using gravid
traps to monitor infected mosquitoes is that their infection rate
should be higher than in samples of adult mosguitoes caprured using
traps for host-seeking mosquitoes, which include nulliparous nonin-
fectious females.

The results show that the densities of female Ae. zegypti were
about 10 times lower in neighborhoods with contrel traps than in
two nearby veighborhoods without control traps. Also, increases i

s in
mosquito density following rains were limited in inervention sites
in comparison with the large increases observed in nonintervention
veighborhoods. The total sumber of CHIKV positive mosquito
pools detected was also about 10 times larger in vonintervention
neighborhoods, showing a significant linear relationship with the
density of female Ae. aegypti per trap per week among study sites.
Interestingly, the minimum infection rate was similar across study
sites. For this reason, the VI, or expecied number of infecred mos-
quitoes, showed the same linear relationship with the rotal number
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of positive pools as mosquito density. Perhaps, the most important
observation was the presence of CHIKV-positive pools in consecu-
tive weeks in nonintervention areas, interpreted as evidence of sus-
tairied local transmission. By contrast, positive pools in intervention
areas were very few and scattered, interpreted as lack of sustained
transmission or outhbreak. Results obtained from a subsequent cross-
sectional investigation of the prevalence of IgG CHIKYV antibodies
in residents of the study sites showed signiticantly lower prevalence
in areas with AGO iraps (Lorenzi et al. 2016}, These results confirm
that studies of the incidence of arboviruses in mosqguitoes can be a

proxy for human infections. The infection rates observed in this
study (1.8-4.2 per thousand) were lower than those observed using
AGO traps around confirmed CHIKVY cases (8 per thousand) in vari-
ous neighborhoods in Puerte Rico during 2014 (G.E.F., RRH,

R.B., unpublished data). Infection rates found in this study were

lower than i other reports, but comparisons are difficult to estab-
lish because of the use of different capture and sampling technigues
{Sang et al, 2008, Diaz-Gonzalez et al. 2018, Drub-Manzanilia er al,
2015).

Proving the efficacy of vector control interventions against arbo-

viruses in natural settings is challenging due to the short duration of
infections in humans and the transient occurrence of local out-
breaks, which result from buildup of life-long immunity and exhaus-
tion of susceptible hosts. This lmitation s particularly important in
small groups of people, such as those one would use in cluster
randomized designs. For these reasons, alternative and more afford-
able approaches have been suggested as a way to test the effective-
ness of vector control rools (Lambrechis et al. 20135). The approach
followed in this vestigation mirrors an observational cohort study,
with one group having a presumed protective intervention and the
outcome of exposure to circulating viruses followed over time in
mosquito populations rather than people. We anticipated exposure
to DENV and CHIKV because dengue viruses have been endemic in
Puerto Rico since 1980s (Barrera 2010) and the first ever derection
of local transmission of CHIKV was in May 2014 (Sharp et al
2014). The current spread of Zika virus in Puerto Rico and the
Americas suggest its eventual occurrence in the same urban areas af-
tected by DENV and CHIKV in the past. This methodology is

applicable then to testing the effectiveness of vector conirnl meas-
ures against all three viruses that share the same rransmission cycle.
The results from this investigation suggest that local transmission
of CHIKV in the two conununities was more likely when the density
of Ae. aegypti was larger than three females per trap per week. Even
in the nonintervention areas, the presence of virus in gravid mosqui-
toes decreased and became more sporadic when the density fell to
2.4-4.4 females of Ae. aegypti per wap per week in November
2014. Maosquito deosities around confirmed CHIKVY cases in three
neighborhoods with positive pools of female Ae. aegypti in Puerto
Rico in 2014 were 5.3-20.5 per AGO trap per week and 4.3 in the
neighborhood where no positive pools were found {CDC, unpub-
fished dara). Ritchie et al. {2004) observed that no DENV was
observed in mosquitoes and hwman cases dropped, when the density
of gravid Ae. gegypti temales fell below 0.5 females per sticky trap
per week. Because their trap was smaller than the AGO trap, £

mosguitoes are expected to signal a possible threshold for transmis-
sion, In a previous study, we compared captures in BG-Sentinel and
AGO traps in the four study areas, showing a significant, positive
nonlivear relationship (Barvera et al. 20143). The equivalent densiry
in BG-Sentinel traps to three females per AGO trap per week is one
ternale per trap per day. We are not aware of any previous studies
using BG-Sentinel traps where a threshold for arbovirus transmis-
sion has been proposed. Active DENV transmission was reported
during the dry and cooler season in San Juan city, when the density
of Ae. aegypti in BG-Sentinel traps was the lowest but still between
2-3 females per trap per day (Barrera er al. 2011). Additionally, a
comparison of caprures in AGQO traps and paired ovitraps in Puerto

Rico was significant, with a positive nonlinear refationship {Mackay

et al. 20813). The calculated equivalent egg density in paired ovitraps

to three females per AGO irap per week is six eggs per day. Mogi
et al. {1990) reported the appearance of dengue hemorrhagic fever
cases when the deusity of eggs of Ae. aegypti was larger than three
eggs per ovitrap per day, which is similar to our tigure of six eggs
per pair of ovitraps. Investigators have suggested Ae. gegvpri density
thresholds for arbovirus transmission using larval indices {Connor
and Monroe 1923, Brown 1974}, Modeling shows that threshold

densities vary with temperature, frequency, and amount of virus
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importation, and herd tmuounity {(Focks er al. 2000). Generally,
higher thresholds or more mosquitoes would be required to cause an
outbreak ar lower temperature, lower frequency of virus import-
ation, and higher levels of herd immunity, Other factors may also
come into play affecting threshold densities by reducing vectorial
capacity (Newton and Reiter 1992), such as smaller contact rates be-
tween mosquitoes and people with the use of screens and other per-
sonal protection measures {Waterman et al, 1983). The ability to
define minimum numbers of Ae. aegypti females protective against
rampant arboviral outbreaks is important, so vector control pro-
grams can have clearly defined goals, but defining such thresholds
requires additional research. The relatively recent availability of
practical tools for monitoring the adult Ae. gegvpri population will
Barrera 2016},

This investigation used AGO traps for surveillance and controf

facilitate such a task (B

purposes, thus in treatment areas, sentinel traps were surrounded by
many conirol traps. & concern is that mosquito density in surveil-
lance traps may provide an underestimation of the real mosquito
density in the presence of control traps, which would then reflect an
overestimated reduction in vector density. We addressed that con-
cern in an earlier work {(Barrera et al. 2014a), where we compared
weekly captures of female Ae. aegypii in sentinel AGO and in modi-
fied BG traps (Barrera et al. 2013) in areas with and withowt control
traps for over one year. The results showed significant, nonlinear
positive relationships between caprures in both traps, which were
similar in aveas with and without AGQ control traps. For that rea-

son, we are confident that AGO traps are reliable surveillance 1ools

in the presence of control traps.
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Abstract

Background

The auto-dissemination approach has been shown effective atl treating cryptic refugia that
remain unaffected by existing mosquito control methods. This approach relies on adult
mosquito behavior to spread larvicide to breeding sites atlevels that are lethal to immature
mosquitoes. Prior studies demonstrate that ‘dissemination stations,” deployed in mosquito-
infested areas, can contaminate adult mosquitoes, which subsequently deliver the larvicide
to breeding sites. In some situations, however, preveniative measures are needed, e.g., o
mitigate seasonal population increases. Here we examing a novel approach that combines
slements of autocidal and auto-dissemination strategies by releasing artificially reared,
male mosguitoes that are contaminated with an insecticide.

Methodology

Laboratory and figld expariments examine for model-predicted impacts of pyriproxyfen
(PPFE) directly applied to adult male Aedes albopictus, including (1) the ability of PPE-
treated males to cross-contaminate females and to (2) deliver PPF o bresding sites.

Principal Findings

Similar survivorship was observed in comparisons of PPF-treated and untreated males.
Males contaminated both female adulls and oviposition containers in field cage tests, at lev-
sls that eliminated immature survivorship. Field trials demonstrate an ability of PPF-treated
males to transmit lethal doses to introduced oviposition containers, both in the presence
and absence of indigenous females. A decline in the Ae. albopictus population was ob-
served following the introduction of PPF-treated males, which was not chservad in two un-
treated field sites.

Conclusions/Significance

The results demonstrate that, in cage and open field trials, adult male Ae. albopictus cantol-
erate PPF and contaminate, either directly or indirectly, adult females and immature breed-
ing sites. The results support additional development of the proposed approach, in which
male mosquitoes act as vehicles for insecticide delivery, including exploration of the ap-
proach with additional medically imporant mosquito species. The novelty and importance
of this approach is an ability to safely achieve auto-dissemination at levels of intensity that
may not be possible with an auto-dissemination approach that is based on indigenous
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fernales. Specifically, artificially-reared males can be released and sustained at any density
required, so that the potential for impact is limited only by the practical logistics of mosquito
rearing and release, rather than natural population densities and the self-limiting impact of
an intervention upon them.

Author Summary

Approximately half of the human population is at risk of dengue. Additional mosquito
borne pathogens, e.g., chikungunya, are spreading globally, as are important mosquito vec-
tors. In the absence of approved vaccines, therapeutant or prophylaxis, vector control re-
mains the only means to combat multiple mosquito-borne pathogens. Auto-dissemination
strategies have attracted attention as a method to reduce mosquito populations and benefit
from mosquito behavior, in which a female mosquito visits multiple breeding sites. As
practiced currently, ‘dissemination stations’ are attractive to adult fermales, which enter the
station, become contaminated with a juvenile hormone analogue (JHA), exit and then
contaminate breeding sites with levels of JHA that are lethal to immature mosquitoes. The
auto-dissemination method is particularly attractive for those species that breed within
smmall, cryptic sites, which serve as refugia from existing insecticidal measures. Here we ex-
amine mathematically and empirically, a novel approach that is not station-based, but
which integrates elements of autocidal control. Specifically, the approach would release
JHA-contaminated adult male mosquitoes, which do not bite or transmit pathogens.

The males deliver JHA to breeding sites, either directly or indirectly, i.e,, via the cross-
contarmination of females, which subsequently transfer JHA to breeding sites. The exam-
ined autocidal method can be used preemptively, e.g, in areas with low densities of
indigenous mosquitoes and in advance of the natural population increase. Unlike auto-
dissernination approaches that rely upon the indigenous population, an approach based
on artificially-reared males can made more intensive, because the mumber of males re-
leased is limited only by the logistics of male rearing and release and methods for mass-
production of mosquitoes are developed already.

introduction

Mosquito control remains the only means available to combat some medically important,
vector-borne pathogens, such as West Nile, Dengue and Chikungunya viruses, because no ap-
proved vaccine, therapeutant or prophylaxis exist [1,2]. Chemical insecticides are used most
commonly in mosguito control, with formulations that include larvicides and adulticides (e.g.,

Area-wide broadcasting of larvicides can be used to improve coverage, via aircraft and vehicle-
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mounted sprayers, but in some situations, broadcasting is constrained by environmental regu-
lations or restrictions, community concerns and mosquito resistance to the active ingredients
large quantities required for broadcasting strategies can be cost prohibitive.
Auto-dissemination has attracted attention due to its potential to address important gaps
with existing mosquito control methods. Auto-dissemination is a method of pesticide "self-
delivery,” which is premised upon the use of insects as the delivery agent. Insects carrying small
amounts of insecticide can deliver an active ingredient to cryptic refugia, rather than human
applicators, and this method can require less pesticide relative to broadcasting. For this reason,
auto-dissemination approaches have become an important pesticidal method for termites,

dissemination methods are based on the behavior of adult mosquitoes and their attraction to
breeding sites, including cryptic sites that human operators may often fail to find. As currently
practiced, auto-dissemination consists of placing artificial adult resting sites (‘dissemination
stations’) that are (1) attractive to adult mosquitoes and (2) are treated with a persistent juve-
adult mosquitoes become contaminated with the JHA, which is not acutely toxic to the adult.
The JHA is lethal to immature mosquitoes, when their breeding sites become contaminated by
the fernales that arrive to lay eggs and introduce the JHA. An additional approach is based on
Models predict a multiplicative ability of the auto-dissemination approach to achieve high
breeding site coverage, despite covering a relatively small proportion of the resting sites. The
coverage of breeding sites {C,,) is related to the coverage of adult resting sites {C,}, the duration
for which habitats remain unproductive after contamination (U}, the number of ovipositions
by the mosquito population {O) relative to the number of habitats (H), and the mean number

Dissemination
Station

M (Indirect)

Figure 1. Diagram comparing the suto-dissemination station-based approach with the ADAM
approach. In (&), an auto-dissemination station is atiractive 1o indigenous female mosquiioes {grey), which
enter and become contaminated with a persistent juvenile hormone analogue (PPF) that does not harm the
adult. The PPF-contaminated females (black) exit the trap and fransfer the PPF to immature mosquiio
breeding sites. In (B and C), the ADAM approach is based on manufacturing adult male mosquitoes that are
dusted with PPF (black), which are released into a treatment area. The PPF-treated males canthen (B)
directly transfer PPF to immature mosquiio breeding sites and (C) indirectly transfer PPF by cross-
contarminating indigenous females, which subsequently transfer the PPF to breeding sites.

doi10.1371/journal prid 0003406 6001
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(’llh =1 - e*C,UO/HQ (1)

This relationship shows that a majority of breeding sites can be affected, even when treatinga
minority of resting sites, if the pesticide is durable (U > 7 days). the mosquito abundance
and habitat availability is such that breeding sites are contaminated more than once per day

In addition to modeling, field trials by multiple research groups have demonstrated the effi-
ciency of the auto-dissermnination approach, showing that (1) mosquitoes become contaminated
using different dissernination station designs and (2) that the contaminated mosquitoes can
(3) adult male mosquitoes are attracted to and are contaminated by auto-dissemination sta-
tions, (4) that males can venereally transfer JHA to females upon mating and (5) that the
venereally-contaminated ferales can subsequently transfer lethal concentrations of JHA to

Here, we use models to consider the limitations of current station-based auto-dissemination
approaches and to propose an additional auto-dissemination method that is based upon the

release of PPE-treated male mosquitoes (Fig. 1). Inundative male releases are feasible, because

The approach of releasing PPF-treated male mosquitoes is subsequently referred to as “Auto-
Dissernination Augmented by Males” (ADAM). We examine empirically {1} the effects of PPF
on the survival of male Aedes albopictus which serve to contaminate breeding sites, (2) the
ability of treated males to directly contaminate larval breeding sites, i.e,, even without females
and (3) the ability of treated males to transfer PPF to females, at dosages adequate to lethally
contaminate larval breeding sites. The results encourage additional examination and develop-
ment of this approach as an additional tool against important mosquitoes.

Methods

Ae. albopictus mosquitoes used in experiments were from a colony established in Lexington,
Kentucky in 2011 and named the “Wildcat” (WC) strain. Larvae were fed with a 60g/L liver
powder (ICN Biomedicals, CA, USA) suspension ad libifum. Adults were held in 24.5 cm’
cages (MegaView Science Co., Taichung, Taiwan) and provided a constant supply of 10% su-
crose. Adult mosquitoes used in experiments were between one and two days post emergence.
The PPF treatment consisted of a 30:70% mixture of Bsteern 35 WP IGR {Valent Biosciences,
1L, USA) and DayGio (Dayglo Color Corp., Cleveland, OH), respectively. The PPF was applied
to mosquitoes housed in a 1 L enclosed cardboard container using a PowerPuff insufflator for
approximately 5 sec {Gremar Power Puff 898, Gremar Inc., W. Des Moines, 1A). Dayglo is rou-

facilitates the subsequent tracking of the dust mix. We note that PPF is a pupacide. However,
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PPF is registered and commonly referred to as a Tarvicide,” and therefore we use the latter
terminology here.

For longevity studies, adult male mosquitoes were dusted with PPF (treatment) or left
undusted {control). Three replicate control and treatment groups of 15 males/each were put
into cages with a 10% sucrose solution and monitored for adult survivorship.

For field cage trials, ten oviposition cups were placed within each field cage (10'x12"; Ozark
Trail, CA, UJSA), along with a 10% sucrose solution. Five oviposition cups/cage were covered
with bridal veil to exclude mosquito entry. The remaining ovisites were identical, but uncov-
ered. Ovisites consisted of black 0.5 L plastic cups {Solo Cup Co., USA) lined with germination
paper (Anchor Paper Co., USA) and with 250 ml water.

For the field cage experiments, young adult male mosquitoes {<2d post eclosion) were
treated with the Esteern/DayGlo mixture, as in the longevity study, and then introduced into
cages (50 males/cage). Twenty-four hours after male release, 50 newly-eclosed virgin females
were added to the field cages. Five days after establishment, all adults were evacuated from the
dust. Oviposition cups and associated egg papers also were examined for dust.

To test for the presence of larvicidal activity, bicassays were performed in 20 ml scintillation
vials (#986540; Wheaton Millville, NT) with 15 mlwater, 0.2 ml liver powder solution and four
second instar WC larvae. For bivassays of the adults that were removed from field cages, the
removed adults were killed by freezing and then placed individually into bioassay vials, and as-
says were observed for immature survivorship. For binassays of ovisites, each cup was separat-
ed into three components: water, germination paper lining and cup. For bioassays of ovisite
water, two replicate 15 ml water samples were drawn from each ovisite and combined with
0.2 ml liver powder solution and four second instar WC larvae in scintillation vials, and imma-
ture survivorship was monitored. To examine for PPF on germination papers, each paper was re-
moved from the ovisite and then submerged in 200 ml water with four second instar WC farvae
and 1 mi liver powder solution, and immature survival was monitored. With the water and ger-
mination papers removed, each ovisite was examined for PPF by rinsing with 200 m] water, and
15 ml of the resulting rinsate was combined with 0.2 ml liver powder solution and four second in-
star W larvae in scintillation vials, and immature survivorship was monitored.

Negative control assays consisted of an undusted male adult added to 15 ml water, 6.2 ml
liver powder solution and four second instar WC larvae in a scintillation vial. Positive control
assays were the same as negative control assays, but with the addition of a single male, freshly
dusted with PPE powder.

Field studies were conducted at two sites in Lexington, KY. The adult population was moni-
tored via weekly 24 hour collections using BG traps (Biogent Sentinel, Regensburg, Germany).
Artificial ovisites were as described for field cages. Water samples were removed weekly from
ovisites and bicassayed as described above. In the second field study, 10-minute landing collec-
tions were conducted to observe for Ae. albopictus females. WC males introduced at field sites
were treated with the Esteern/DayGlo mixture, as described in the longevity study.

Statistical analyses were performed using IMP 9.0.1 and SAS 5.1 software (SAS Institute,
Cary, NC). Kaplan-Meier, Log-Rank was used for analysis of adult longevity. Non-parametric
analysis was used (Kruskal-Wallis and Wilcoxon) to examine results of bioassays. To assess
population trends following treatment, a repeated measures ANOVA was conducted, followed
by a linear regression of the female adult number [LIN{females+1}] by Collection Week. To ex-
amine for an effect of proximity to release site, a linear regression was made between bivassay
lethality and distance from the release point.
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Resulls
Mathematical Consideration

As currently practiced against mosquito populations, models predict that station-based auto-
dissemination relies upon a vigorous, naturally-occurring mosquito population. Specifically,
indigenous mosquitoes must enter the station, become contaminated with the larvicide and
then deliver the larvicide to breeding sites. Mosquitoes are the vehicle for the larvicide; there-
fore, in areas with lower mosquito densities, the larvicide may not be effectively delivered to
breeding sites. Using the model above (Equation 1), the efficacy against the mosquito popula-

these predictions are correct, this can limit station-based approaches as a preventative control
tool. Prior laboratory work examining the relationship between adult mosquito number and
The model predicts also that a station-based approach based solely upon naturally-occurring
mosquitoes can be a victim of its own success. This is evident from the endogeneity within
Equation 1, in which the coverage term on the left side of the equation is interdependent with
the mosquito density term on the right side of the equation. Specifically, when introduced into
areas of high mosquito activity, a successful station-based auto-dissemination approach that
reduces the mosquito population will reduce the number of ovipositions by the mosquito pop-
alation (). Assuming that the number of potential breeding sites (H) remains constant within
the habitat, fewer females will result in fewer ovipositions, which is predicted to reduce the cov-

The model predicts that a method offsetting the above predicted Hmitations would be to ar-
tificially sustain mosquito activity through the release of mosquitoes. By maintaining high mos-
quito activity, the delivery of the larvicidal agent can continue. Clearly however, sustaining a
population through the release of fermale mosquitoes, which bite and could transmit pathogens,
would be an unacceptable approach. However, the introduction of adult male mosquitoes, which
do not bite or transmit pathogens, is feasible. There are multiple vector-control strategies that are
based on the repeated, inundative release of adult male mosquitoes, including Sterile Insect

Furthermore, because the males are reared artificially and released, the ADAM approach
would provide opportunity for their direct treatment with the larvicide, prior to their release,
rather than relying on dissemination stations to contaminate males. Direct treatiment in a con-
trojled environment can permit a more uniform and standardized application of the larvicide,
relative to a station-based approach.

Empirical Examination of the ADAM Approach

Effect of PPF dust on adult male survival. Critical to the proposed ADAM approach, the
laboratory-reared male adults must remain competitive after treatmnent with the insecticide. To
examine for an acute effect on survival, three replicate groups of males were divided and either
dusted with PPF {treatment) or not dusted (control). Following treatment, mosquitoes were
held in the laboratory and observed for male mortality. As illustrated in Fig,
treatment and control groups. male survivorship was not observed to differ (Kaplan-Meier,
Log-Rank, p > 0.32).
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Figure 2. Survivorship of male Ae. albopicius treated with Pyriproxyfen/Dayglo dust compared io
unireaied males.

doi:10.1371/ipumal pnid 0003406 .g002

Transfer of PPF from males to females and ovisites. In an additional experiment, field
cages were used to examine the ability of PPF-treated males to interact with and cross contami-
nate females. PPE-treated males were introduced into field cages. Untreated females, i.e., not
PPF-treated, were introduced into cages also. Field cages included ten oviposition sites
(‘ovisites), five of which were covered with screen to prevent mosquito entry.

Five days after mosquito introduction into cages, adults and ovisites were removed from the
cages. Ovisites were visually examined for PPF powder residue (Fig. 3). No PPF powder was
observed in the screen-covered ovisites, i.e., from which mosquitoes were excluded (n=15
caps). In contrast, PPF powder was observed in all but one of the unscreened cups, i.e., in one
cage replicate, no powder was observed in one of the five unscreened cups. Dead adults (n=5)

PPF Dust

ead Aéu!tg

Figure 3. An example of an ovisite removed from a field cage trial. Awows point to pyriproxyfen duston
the sides of the cup and o two dead adult Ae. afbopicitus floating in the water,

doi10.1371/icurnal prid 00034066003
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Adults removed from cages were bicassayed for toxicity against A. albopictus larvae. The
bioassay results demonstrate significantly higher mortality of larvae exposed to males and
temales removed from field cages, refative to the negative control bicassays (p < 0.0001,
Kruskal-Wallis). The survivorship of larvae exposed to adult females from field cages was
bioassays not receiving an adult from field cages, i.e., negative control, was 87.524.7%. Adult
males removed from cages and introduced into immature bivassays resulted in 3.6£3.6% im-
mature survivorship, which was not significantly different from the positive control assays
(0£0% immature survivorship). No difference was observed between the three field cage repli-
cates (p >> 0.2, Kruskal-Wallis).

I addition to the living adults removed from field cages, five dead males were recovered
from unscreened cups, floating in the water. Bioassays with the latter five males were 100%
lethal to exposed larvae in bioassays, with no larvae surviving in bioassays (n=5).

As described above, PPF powder residue was observed in the majority of the unscreened
ovisites at the end of the experiment. Therefore bioassays were conducted to examine for PPF
residue introduced into the ovisites. For assays, each cup was separated into three components:
water, paper lining and cup. Water samples removed from cups were tested by bicassay, with
two samples per cup. As shown in Fig, 5, high immature survivorship (92.5£2.1%) was ob-
served in bicassays of water from screened cups, i.e, mosquitoes excluded. In contrast, no lar-
vae survived in assays of water samples removed from unscreened cups. Comparison with the
control groups show no difference between the unscreened and positive control (Fig. 5). The
results from screened cups did not differ significantly from that of the negative control bioas-
says. Similar to the results of the water bioassays, assays of the germination paper lining and
the surface of the unscreened cups were highly lethal to larvae in bioassays, not different from

a b c o
n=§ n=33 n=7 n=§
100% ~ @ o @

. 80%-
=
@
2
& 60%-—
B
2
{% 40% —
o]
o
&
G 20%-
0% ~ &

Negative Female Male Puosilive
Control Adutt Adult  Control

Figure 4. Adulls removed from field cages were examined for insecticidal activity using immalure
bioassays. Letiers above the bars indicate significant differences (p < 0.01, Wilcoxon). The number of
replicates is shown above each column. Bars show standard errors.

doi10.1371/icurnal prid 00034066004
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Figure 5. Qviposition cups removed from field cages were separate into three different components
{i.e. cup, paper lining, and water), and each was examined for insecticidal activity using immature
bioassays. For each component, screened (8) and unscresnsd (U) cups are compared, along with the
negative (N} and positive {P) conirols. Letters above the bars indicate significant differences {p < 0.01). The
number of replicates is shown above each column, Bars show standard ermrs.

doi:10.1371/ipumal pnid 0003406 6005

~

that observed in the positive control group {Fig. 5). In contrast, high survivorship was observed
in assays of the screened cups, similar to that of the negative control group.
Field trial of the ADAM approach. Based on field cage results, open releases of PPF-males

were conducted, to examine the ability of males as PPF carriers in the field. At the treatment

Additional ovisites were monitored at two untreated sites >4 ko from the treatment site. Fol-
lowing nine weeks of pre-introduction population monitoring, an average of 4,500 PPE-treated

water from the Untreated site continued to result in good survival (>80%; Tig 78). Toxicity at
the Treatment site persisted for the duration of the release period.

No irnmediate impact on the adult population was observed following the introduction of
PPF-dusted males. However, a decline in the adult population at the Treatment site was ob-
served (Fig
tion, i.e., beginning at Week 14. In contrast, a decline was not observed in the populations at
the Untreated sites; instead these populations continued at densities similar to that observed
during the pre-introduction period. Repeated Measures ANOV A shows no significant SITE ef-
fect, but there were significant effects by WEEK, Fs16) = 5.8; p < 0.0002 and the WEEK*SITE
interaction, Frsaa = 6.0; p < 0.0002. Linear regression of the two Untreated sites during Weeks

,,,,,,,,,,,,,,,,

to 6°C, and no additional mosquitoes were collected at any of the sites.
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Figure 6. Field sites for male introduction experimentis in Lexington, Kentucky. (A) Field Experiment 1
Site consisted of a single point introduction site {red circle), six BG trap sites (blue circle) and nine ovisites
{yeliow circles). {B) Field Experiment 2 Site consisted of a single point introduction site and six ovisites.
Images are from hitlpJdniacateway nies usde ow B DG Home aspx. Bars = 60ft.

doi10.1371journal.pntd 0003406 9006

Examining adult males as direct carriers. An important characteristic of the ADAM ap-
proach would be the ability of males to deliver insecticide directly to breeding sites, in the ab-
sence of females. In the preceding study, because both females and males were present, the PPF
contamination could have resulted from indirect contamination by males, i.e., males cross-
contaminate females, and the females subsequently contaminate breeding sites. Therefore, to
examine the ability of males to act as “direct carriers,” delivering PPF directly to breeding sites,
a second field study was performed in early spring, before the indigenous population was
observed.

Similar to the prior field experiment, ovisites were placed at varying distances away from
An additional array of ovisites was deployed and tested at an Untreated site, which was
>4 kun from the Treatment site. Water samples were drawn for two weeks prior to male
introduction and two weeks during male introduction. To monitor for the appearance of the
indigenous population, landing counts were performed weekly at both the Treated and Un-
treated sites.

In the two week Pre-release period, prior to male introduction, good immature survival
X
with no difference observed between the Treated and Untreated sites (p > 0.15, Wilcoxon).
Subsequently, 6,300 and 5,100 PPF-treated males were introduced at the Treatment site in
Weeks 3 and 4, respectively. During the two-week male introduction period, a significant dif-

ference was observed between the Untreated and Treated sites {Fig. 8). Bioassays of water sam-

pled closest to the release point were completely lethal to immatures (0% survival). As shown
in Fig, 9, a significant correlation was cbserved between bioassay lethality and distance from

the release point during the introduction period, but not during the pre-introduction period.
In contrast, high survival continued in assays of water from the Unireated site throughout all

four weeks (Fig. 8). No females, e.g, indigenous population, were observed during the study.
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Figure 7. Results of Field Trial 1. (A) Ae. albopictus adults are monitored using BG traps at three sites.
Grey bars indicate introductions of PPE-dusted males at Site 3 only. Beginning after Week 13, a consistent
population decline is observed at Site 3, which is not observed at the untreated sites. Lines show a three-
wesk moving average for the aduli collections. (B) Bioassays of artificial oviposition sites show increased
larval mortality up to 150m from the Site 3 release point. In contrast, low mortality is observed in bicassays of
ovisites within untreated areas.

doi:10.1371/ipumal pnid 0003406 6007

Discussion

The primary objective of this study was to assess the ADAM mosquito control strategy,

which combines components of both autocidal and auto-dissemination approaches. Here,

we have examined the ADAM approach against Ae. albopictus, a globally invasive species and
important pathogen vector. The results demonstrate that, under the conditions tested here,

Ae. albopictus males treated directly with PPF do not suffer a measurable decrease in longevity,
relative to untreated males. In field cage trials, PPF dust was transferred from males to females
and to farval breeding sites, at levels adequate to reduce or eliminate immature survival. Field
trials show that the introduced males can quickly disseminate PPE, both in the absence and
presence of female Ae. albopictus. Under the conditions tested, the PPF persists for at least six
days after the males were dusted.

Bioassay results show that females in the field cage experiment become contaminated with
PPF dust. Because the adult females were not treated with PPF, the contamination of females
necessarily resulted from cross-contamination by males. An obvious opportunity for horizon-
tal transfer between males and females is via coupling during rmating and mating attempts.
This type of transfer would be similar to that described in previous work with auto-dissemina-
tion stations | 18]. Indirect transfer to females, via resting surfaces, e.g., water or ovisite sides

rrrrrrr ¢

(Fig. 3}, is an additional potential route for female contarmination with PPE,
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A Unireated Sile
ADAM Treated Site

romatures Surviving in Bicassays of Water Sampled From Field Sites

Week 1 Week 2 Wesk 3 Week 4

Pre-Release Period ADAM Male Relagse Period

Figure 8. In the absence of an indigenous Ae. afbopictus population, Le., Field Trial 2, increased
immature moriality is observed following the introduction of PPF-treated males. During the pre-release
period, good larval survival is observed in bicassays of water sampled from ovisites at both the Untreated and
Treated sites. Following male introductions, reduced survival is observed at the Treated site only. Significam
differences are indicated above the columns (Wilcoxon). Bars show standard deviation.

doi10.1371/iournal prid 0003406 008

Early season field trials demonstrate that male Ae. albopictis can directly deliver PPE to ovisites,
in the absence of females, and at levels that are lethal to immatures. Male mosquitoes are under-
studied in general, and their behavior relative to breeding sites has not been well defined. Presum-
ably, male Ae. albopictus may visit ovisites for hvdration or as favorable, humid microhabitat
refuges. Or perhaps the male behavior of visiting ovisites can be adaptive, by increasing the frequen-
cy of female encounters and mating opportunities. This represents an area for additional study.

An ability of males to directly deliver compounds to breeding sites can provide useful func-
tionality, relative to auto-dissemination approaches that rely upon indigenous mosquitoes to
communicate the active ingredient from the introduced station. By using laboratory-reared,
male mosquitoes as vehicles, the ADAM approach can be deployed in areas that have relatively
low indigenous mosquito densities. As an example, our results show that introduced males can
intoxicate potential breeding sites, before the seasonal emergence of the indigenous population.
This can allow anticipation of a seasonal increase, which can accelerate application, relative to
an approach that is dependent upon the indigenous population. Direct treatment of laborato-
ry-reared males allow for uniform application of the pesticide under controlled conditions.
There is no need to deploy or maintain auto-dissemination stations.

The results show that, in addition to direct transmission of lethal compounds, males can
cross-contaminate females, at dosages that are lethal to developing mosquitoes. The subse-
quent transmission to breeding sites by females is similar to that of traditional, station-based
auto-dissemination approaches. Female transmission can be an important component, because
ovipositing females can visit multiple larval breeding sites, treating each with a toxic dose. Ad-
ditional downstream work, ideally with observations occurring in the field, will help to better
define the transfer pathways and their relative importance.
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doir10.1371/ipurnal prid 0003406 6002

The results support the continued development of the ADAM approach and open field trials
in which PPF-treated Ae. albopictus males are released to directly contaminate Ae. albopictus
females and breeding sites. While here we have tested the approach against Ae. albopictus, simi-
tar work can examine the utility of this approach against additional medically important spe-
cies of mosquitoes, e.g., Ae. aegypti, Culex pipiens, and Anopheles spp. Because different species
can share comumon breeding sites, e.g., it is common to find both Ae. aegypti and Ae. albopictus
in the same larval habitats [ 38], an approach based on the introduction of PPF-treated
Ae. albopictus males can affect populations of both Ae. albopictus and Ae. aegypti.

PPF-treated or not, an ADAM approach based on an exotic species is less likely to be
adopted as a control tool. Therefore, adapting the ADAM approach to indigenous species can
facilitate its use inn a broader range of geographic areas. We note that the species used in an
ADAM approach need not be mosquitoes or males necessarily. The key decision factors in
species selection will include that the released insects (1) should not cause harm, e.g., bite or
transmit pathogens or be an agricultural pest, (2) should deliver, directly or indirectly, the in-
secticide to the larval breeding sites of the targeted insect species, and (3} should be colonized
and relatively easy to manage and rear.

Similar to other insecticidal approaches, the issue of effects to non-target organisms must be
considered, e.g., potential for affecting larval competition. The amounts of PPF used via the
ADAM approach are likely to be similar to that of station-based auto-dissemination strategies,
and likely to be less than that of a human applied, broadcasting approaches. While the use of
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alternate active ingredients in the ADAM approach can be envisioned, the characteristics of
pyriproxyfen make it an interesting candidate. These features include its high toxicity to imma-
ture mosquitoes, low toxicity to adult mosquitoes, a substantial amount of prior research and

We envision that an ADAM approach would be one component of an integrated vector
management strategy. The strengths of the ADAM approach would be that of (1) “self-
delivery,’sirnilar to other autocidal approaches, and (2) the ability of mosquitoes to find/treat
cryptic breeding sites, similar to other auto-dissemination approaches. The small dosages
delivered by the ADAM approach are less likely to affect large-volume pools, ponds, ete. But
the latter are a strength of existing, traditional larviciding strategies. Adulticiding will continue
to be needed for quick knock down of the adult mosquito population, but appropriate opera-
tional timing can allow for the integration of many adulticiding approaches with the ADAM
approach, and alternation of different active ingredients can help to mitigate insecticidal
resistance.

Similar to additional autocidal approaches, the Ae. albopictus ADAM approach will require
large-scale production, i.e., ‘mass rearing,” of mosquitoes for release. This type of mass rearing
operation is developed already and in use with other autocidal approaches, including Sterile In-
sect Technique (SIT) [47-49]. Furthermore, the potential benefit of PPF treatment to ‘boosting’
autocidal approaches has been highlighted previously [501.

Here we have examined a new approach against mosquitoes, which combines components
of both auto-dissemination and autocidal methods. Clearly, there is need for additional, larger
tield trials, conducted within different ecological contexts and culminating in community-
randomized controlled trials. Relative to station-based auto-dissemination approaches, at-
tractive features of the ADAM approach include (1) the ability to directly apply larvicidal
compounds and thereby avoid complicating variation caused by mosquito self-treatment and
variable environmental conditions; (2) an ability to regulate the size and location of treated-

male introductions, expanding the utility to areas where mosquito populations are low, e.g.,
early in the season; and (3) avoiding the requirement of placing, maintaining and recovering
dissemination stations.

The classification of PPF as a low risk compound, its relatively low environmental impacts

additional, medically important systemns, with the potential to impact dengue, malaria, filariasis,
chikungunya and additional mosquito-borne pathogens.

Supporting Information

$1 Fig. Model predictions are that the success of the auto-dissemination approach depends
on mosquito activity. Therefore the model (Equation 1) predicts that an auto-dissemination
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approach that is reliant on indigenous mosquitoes will (1) be relatively ineffective in areas of
low mosquito activity and (2) can become a victim of its own success. With fewer mosquitoes,
tewer ovipositions (O) will occur. Assuming that the number of potential breeding sites (H)
and insecticide potency (£2) remain constant, fewer mosquitoes will result in fewer ovipositions/
habitat and lower coverage of breeding sites (C,). This pattern is consistent despite the durability
of the pesticide (U) [19].

(TIF)

$2 Fig. Simple linear regressions of the adult female collections over time by site. Untreated
Sites 1 and 2 are non-significant {p > 0.9) and significantly positive (p < 0.049), respectively.
Site 3, which was treated with ADAM males, declined significantly {p < 0.0001) following
treatment.

(TTF)
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Glossary

Alleles — different forms of the same gene.

Area-wide control — methods of reducing pest damage whose effectiveness depends on application
over large expanses. This contrasts particularly with personal protection, for example as provided by
bed nets and repellents.

Biosafety committee — group responsible for implementing policies and guidelines related to use of
potentially hazardous biological agents, including but not limited to infectious agents, human
materials, and recombinant DNA studies. This group ensures that research involving these agents
does not endanger researchers, laboratory workers, human research subjects, the public or the
environment.

Cartagena Protocol on Biosafety — an international agreement dealing with the safe handling,
transport and use of living modified organisms (LMOs) resulting from modern biotechnology. See:
http://beh.chd.int/protocol/

Clinical disease incidence — the number of new clinical cases per unit of time for the at-risk
population. This is typically determined by voluntary reporting of symptoms or community-based
active case detection followed by a laboratory diagnosis test.

Cluster randomized trials — trials that group individuals into clusters, such as residents of particular
villages or urban neighbourhoods. Each cluster is assigned randomly an experimental treatment such
as a placebo or drug, or, in the case of genetically modified mosquitoes (GMMs), releases may be in
one set of clusters and not in another.

Community engagement — practices undertaken to inform stakeholders about the diseases and
vectors of interest and goals of a proposed research study or intervention trial, and to understand
their perspectives and reaction.

Confinement — utilization of measures that seek to prevent unplanned or uncontrolled release of
organisms into the environment. This may involve physical confinement (sometimes termed
“containment”) within a large cage that simulates the disease-endemic setting while minimizing the
possibility of escape and/or ecological confinement by geographic/spatial and/or climatic isolation.

Declaration of Helsinki — a set of ethical principles for the medical community regarding human
experimentation, issued by the World Medical Association.

Deployment — implementation of GMM technology as part of a national or regional programme for
vector control.

Drive (also called gene drive) — a mechanism that increases the transmission of a transgene in a
population above that which would be expected based on Mendelian inheritance. The increase is

reflected in the excess proportion of progeny that carry the transgene.

Ecosystem — a biological system composed of a community of organisms and the nonliving
environment with which it interacts.

Vil
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Endemic — a situation in which disease is present continuously at some level in an area.

Endpoint — an event or outcome that can be measured objectively to determine whether the
intervention being studied has the desired effect.

Entomological inoculation rate (EIR} — a measure of the degree of infection risk that a human
population is exposed to for a particular disease, as determined by assessing the vector mosquito
population. It is described by the frequency of infectious mosquitoes feeding upon a person within
some unit of time, such as per day or year.

Epidemic — an increase in incidence and prevalence of disease affecting many people rapidly and
extensively and above normal levels in an area, but not continuously present at such levels.

Ethics — an activity or inquiry intended to shed light on the correctness or justifiability of a given
course of conduct.

Ethics committee (also called institutional ethics committee, institutional review board or ethical
review board) — a group charged with providing oversight for biomedical and behavioural research
involving humans, with the aim to protect the rights and welfare of research subjects.

Ethical review board — see Ethics committee.

Fitness — description of the ability to both survive and reproduce, and is equal to the long-term
average contribution to the gene pool by individuals having a particular genotype or phenotype. If
differences between alleles of a given gene affect fitness, then the frequencies of the alleles will
change over generations, the alleles with higher fithess become more common.

Gene — a segment of DNA that contains information required by cells for synthesis of a product.

Gene flow — the movement (expressed as increase in frequency) of genes or alleles into a population
from one or more other populations.

Genetically engineered mosquitoes — see Genetically modified mosquitoes.

Genetically modified mosquitoes (GMMs) — also called genetically engineered mosquitoes,
transgenic mosquitoes, or living modified mosquitoes — mosquitoes that have heritable traits
derived through use of recombinant DNA technology, which alter the strain, line, or colony in a
manner usually intended to result in reduction of the transmission of mosquito-borne human
diseases — see also Genetically Modified Organism. GMM is also likely to be characterized by
introduced heritable marker traits to facilitate monitoring upon release into the environment and in
some cases may include only such markers, as for population biology studies.

Genetically modified organism (GMO) — also called living modified organism — any organism that has
in its genome novel DNA of endogenous, exogenous, or mixed origin that was made using modern
recombinant DNA technology. Although successive selective breeding of strains of organisms with
naturally-occurring allelic variations also results in strains with genotypes different from the natural
population, these are excluded from this definition.

Genotype — the genetic constitution of an organism.

viii
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Good clinical practice (GCP) — an international quality standard for trials involving human subjects,
including protection of human rights, assurance of safety and efficacy and standards on conduct of
clinical trials. See:

http://www.emea.europa.eu/docs/en_GB/document library/Scientific_guideline/2009/09/WC5000

02874.pdf

Hazard — an event, activity or other cause of a negative consequence or impact identified in a risk
analysis.

Horizontal gene transfer (HGT) — heritable transfer of a functional genetic element from one
organism to another without mating, most often relating to genetic exchange between different
species.

Infection incidence — the rate at which new infections occur during the specific period of time.

Informed consent — the process intended to ensure that human subjects who will be observed or
involved in a research activity are fully and explicitly advised of all risks, costs or inconveniences they
may bear as a result of participating as a research subject, and voluntarily agree to accept or bear
those risks and costs.

Institutional ethics committee (IEC) — see Ethics committee.

Institutional review board (IRB) — see Ethics committee.

Integrated vector management (IVM) — a rational decision-making process for the effective and
efficient use of a combination of available resources in the management of vector populations, so as

to reduce or interrupt transmission of vector-borne diseases. See:
http://www.who.int/malaria/vector_control/ivm/en/

Living modified mosquitoes — see Genetically modified mosquitoes.

Mark-release-recapture — a method used to estimate population size of free-living animals, including
mosquitoes, and to study population survival and dispersal in space and time. A portion of the
mosquito population under study is captured, marked (usually with fluorescent powders) and
released. A portion of the population into which they were released is captured later and the
number of marked mosquitoes within the sample is counted. The proportion of marked mosquitoes
in the second sample allows estimation of the total number of animals in the whole population.

Non-target organism — any organism that is not a direct target of an intended intervention. For
GMM the direct target organism is other mosquitoes of the same species in the wild population.

Nuremberg Code — an ethics code that serves as a basis for bioethical principles ensuring the rights
of human subjects in medical research.

Off-target effects — the outcomes of actions that are not directed to the purpose of the action,
whether anticipated or not, possibly affecting either target or non-target organisms. Off-target

effects may have negative, neutral or positive impacts on the intended purpose.

Pathogen — an organism that causes disease. In dengue infection, the pathogen is a virus. In malaria
infection, the pathogen is a unicellular parasite.
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Penetrance — the frequency at which a trait is expressed in individuals carrying a particular gene
associated with the trait.

Pharmacovigilance — the process of collecting, monitoring, researching, assessing and evaluating
information on the long-term adverse effects of medicines.

Phenotype — the observable characteristics of an organism, based on genetic and environmental
influences.

Population regulation — maintenance of a population around or near an equilibrium level, such as by
density-dependent factors.

Population replacement — strategies that target vector competence with the intent to reduce the
inherent ability of individual mosquitoes to transmit a given pathogen.

Population suppression — strategies that target vector “demography” with the intent to reduce
(suppress) the size of the natural mosquito population to the extent that it would not be able to
sustain pathogen transmission.

Prevalence of infection — the frequency of infection within a population at any given time.

Refractoriness — a condition in which the mosquito is intrinsically unable to support the
development of a pathogen to an infective stage or to a point of sufficient abundance such that the
mosquito cannot transmit disease.

Regulation — an official rule to manage the conduct of those to whom it applies, usually developed
from legal interpretations of legislation and implemented by government ministries or agencies.

Regulatory agency (also called regulatory authority, ministry, regulatory body, or regulator) — a
public authority or government entity responsible for exercising authority over some area of activity
in a supervisory capacity.

Risk — an objective measure of the product of the likelihcod and consequences of a hazard, defined
within a prescribed set of circumstances. Risk is often described as a probability distribution of a set
of consequences over a defined time period.

Risk analysis — the process comprised of risk identification, risk assessment, risk management and
risk communication.

Risk assessment — a methodological approach to define and characterize hazards, and to estimate
the exposure or likelihood of each hazard occurring as well as the potential adverse impact of the
hazard (harm).

Risk management — the process of identifying and implementing measures that can be expected to
reduce risk to an acceptable level.

Risk communication — the process through which risk concerns and risk tolerance is articulated by

relevant stakeholders and results of risk assessment and risk management are communicated to
decision-makers and the public.
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Self-limiting — GMM approaches where the genetic modification will not pass on indefinitely through
subsequent generations.

Self-sustaining (also called self-propagating) — GMM approaches where the heritable modification is
spread and maintained indefinitely through the target population.

Sterile insect technique (SIT) — the inundative release of factory-produced sexually sterile insects into
wild native insect populations so that there is a high ratio of sterile males to wild females.
Sterilization is usually accomplished using radiation or chemicals. The effect is population
suppression, and the effort is most effective when continual and over large areas to reduce the
effects of fertile immigrants. Release only of males is preferred although release of both sexes has
also been effective. SIT has been applied most widely against agricultural pests.

Traits — phenotypes that result from single or multiple genes and their interactions with the
environment.

Transboundary movement — movement across national, state or other political lines of demarcation.
Transgenic mosquitoes — see Genetically modified mosquitoes.

Vector mosquitoes — mosquitoes that are able to transmit a disease-causing pathogen.

Xi
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Abbreviations

APHIS US Animal and Plant Health Inspection Service

CBD Convention on Biological Diversity

CPB Cartagena Protocol on Biosafety

CSO Civil society organization

DNA Deoxyribonucleic acid

EA Environmental assessment

EFSA European Food Safety Authority

EIA Environmental impact assessment (also known as a strategic environmental

assessment or environment impact statement

EIR Entomological inoculation rate

ElS Environmental Impact Statement under the US National Environmental Policy Act

ERA Environmental risk assessment

EU European Union

FAO Food and Agriculture Organization of the United Nations

FDA US Food and Drug Administration

FFDCA US Federal Food Drug and Cosmetic Act

FIFRA US Federal Insecticide and Rodenticide Act

FNIH Foundation for the National Institutes of Health

GM Genetically modified

GMM Genetically modified mosquito

GMO Genetically modified organism

IPPC International Plant Protection Convention

ISPM International Standards for Phytosanitary Measures

LMO Living modified organism

NAPPO North American Plant Protection Organization

NEPA National Environmental Policy Act (USA)

NTO Non-target organism

RA Risk assessment

RM Risk management

SOoP Standard operating procedure

SPS WTO Agreement on the Application of Sanitary and Phytosanitary Measures

SIT Sterile insect technigue

UNDP United Nations Development Programme

USDA US Department of Agriculture

WHO World Health Organization

WHO-TDR World Health Organization Special Programme for Research and Training in Tropical
Diseases

WTO World Trade Organization

Xii
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Foreworsg

Vector-borne diseases are endemic in more than 100 countries and affect approximately half of the
world’s population. Many types of arthropods may serve as disease vectors, but this guidance
focuses particularly on mosquitoes. Mosquitoes transmit several diseases of major global public

health importance, including malaria and dengue fever.

Despite ongoing and intensive control efforts, malaria and dengue continue to exact a huge public
health toll. Malaria is considered the world’s most important parasitic infectious disease. Estimates
of malaria-related deaths in 2010 range from 655 000 (WHO, 2011) to over 1.2 million (Murray et al.,
2012), with the majority of deaths occurring among African children under five years of age. The
international Roll Back Malaria partnership has pledged a goal to “eradicate malaria worldwide by
reducing the global incidence to zero through progressive elimination in countries.”’ Yet it is
acknowledged widely that this goal will not be met without new tools (Greenwood et al., 2008;
Mendis et al., 2009; Alonso et al., 2011; Alonso & Tanner, 2013). An estimated 2.5 billion people live
in areas where dengue viruses can be transmitted. Despite a plan adopted by the Pan-American
Health Organization (PAHO) and its Member States to eventually eradicate Aedes aegypti, the main
vector of dengue in the Americas (PAHO, 1997; 1998}, dengue continues to plague countries in Latin
America, as well as Asia and Africa. In 2013, the estimated global burden of dengue was revised
upward to 390 million infections per year {Bhatt et al, 2013). WHO recently called dengue the most
important mosquito-borne viral disease with an epidemic potential in the world, citing a 30-fold
increase in the global incidence of dengue during the past 50 years and recognizing that the human
and economic costs are staggering. WHO further acknowledged that innovations in vector control
deserve more attention as playing a key part in reducing transmission and disease burden.’

Attacking mosquito vectors is one of the most effective ways to reduce the transmission of disease
in endemic areas. Application of mosquito population reduction methods was central to successful
elimination of malaria transmission in ltaly and the United States of America in the early 20th
century (Kitron & Spielman, 1989) and, transiently, of dengue in the Americas in the early 1960s
(Pinheiro & Corber, 1997). Vector-targeted approaches remain a mainstay of current disease-control
practices. However, given the magnitude of ongoing malaria and dengue incidence, current efforts
clearly are insufficient to meet the need. Moreover, dependence on a limited number of insecticides
for vector control increases the risk that mosquitoes will develop resistance, as is now being widely
reported (Butler, 2011). In 2012, WHO confirmed that insecticide resistance is being reported in
two-thirds of countries with ongoing malaria transmission, and that resistance affects all major
vector species and classes of insecticide (WHO, 2012).

In considering the potential of new technologies to address the unmet needs of mosquito control, it
is necessary to evaluate the benefits and risks in the context of the current situation. The potential
public health benefit of practical and effective new tools to reduce or even eradicate diseases such
as malaria and dengue is clear and widely recognized. Both the risks incurred by testing new, and

! Roll Back Malaria: http://www.rollbackmalaria.org/rbmvision.html, accessed 25 May 2014.
? Second WHO report on neglected tropical diseases:
http://www.who.int/neglected_diseases/9789241564540/en/, accessed 25 May 2014.

xiii
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unproven strategies and the risks to human health and the environment posed by maintaining the
status quo, which include ongoing disease and use of broad spectrum insecticides, should be taken

into account in decision-making.

For more than two decades, scientists have been working to harness the promise of molecular
biology to develop genetically modified mosquitoes (GMMs) for use as public health tools to prevent
the transmission of these diseases. Several of these genetic technologies are now advancing to field
testing. The introduction of molecular biology techniques represents the next step in a progression
that builds on the widespread success of programmes employing release of radiation-sterilized
insects to control the Mediterranean fruit fly (Med fly) and other insect pests affecting plants and
animals, a process known as Sterile Insect Technique (Dyck, Hendrichs & Robinson, 2005). Radiation-
and chemo-sterilization methods also have been applied to mosquitoes (Dame et al., 2009), but they
pose several difficulties that might be overcome using genetic modification technologies. Recent
advances in the development of GMMs have raised hopes for the availability of new, potent and
cost-effective tools to aid in the fight against malaria and dengue. Data on which to base evaluation
of the protective potential of GMMs can only be collected through testing, including testing under
the natural conditions in which the technology would be utilized. Without the ability to conduct
careful and stepwise testing, no new technology can be brought to fruition for the public good.
However, given the novelty of GMMs, concerns have been raised about the need for thorough,
thoughtful and transparent preparation for and conduct of field trials {(Reeves et al.,, 2012) and
frameworks for environmental risk assessment (RA) have been produced at various levels (examples
are provided in Section 3. Biosafety, and in David et al., 2013).

Since 2001, scientists involved in this research have, with the support of TDR, the Special Programme
for Research and Training in Tropical Diseases (WHO-TDR) and other funders, gathered periodically
to consider issues relevant to testing and implementation of genetically modified vectors. Through
such discussions, broad agreement has been reached within the scientific community on two tenets,
which thus far have been observed.

e First, field-testing should begin with release of sterile or otherwise self-limiting modified male
mosquitoes in order to gain experience with the technology under circumstances where its
effects can be controlled by halting releases (Benedict & Robinson, 2003). Field releases of
GMMs carried out to date have focused on the testing of non-replicating, functionally sterile,
males {(which do not bite).

* Second, testing of modified mosquitoes incorporating gene drive should begin under physical
confinement (Alphey et al., 2002; Benedict et al., 2008). No GMMs designed to replicate and
spread the modification to wild-type mosquitoes have yet been tested outside of the laboratory.

As the research progresses, a need has been expressed both within the scientific community and by
the public for additional standards and guidance. WHO-TDR and the Foundation for the National
Institutes of Health {(FNIH) co-sponsored a technical consultation meeting in 2009 to assess current
progress and future development of genetically modified mosquito technologies. The meeting was
attended by participants from around the world with expertise in molecular biology, medical
entomology, ecology, regulatory requirements, ethical, social and cultural issues, as well as staff
from WHO, FNIH and other research funders WHO-TDR, 2010). Participants recommended the
establishment by WHO and FNIH of a working group to develop a comprehensive guidance

framework to provide quality standards for assessing the safety and efficacy of genetically modified

Xiv

ED_005208A_00181440-00126



mosquitoes and addressing legal, ethical, social and cultural issues that arise during their
development and deployment. A multidisciplinary effort was subsequently commissioned and over
40 experts recruited to contribute at various stages of development. In accordance with the
recommendations, the group included many members who possessed a broad knowledge in their
topic areas but were not involved directly in research on GMMs. A draft guidance framework was
produced and opened for public comment in late 2012. Responses to public comment have been
incorporated into this current version.

Because of the breadth of different genetic approaches that are under consideration and conditions
under which they might be used, it is not possible to provide an exact formula for evaluation of all
GMM technologies. It will be necessary to determine the specific needs on a case-by-case basis.
Thus, the guidance framework presented here does not offer precise instructions for testing GMMs,
but rather aims to support informed and thoughtful process development. Efficacy and safety
testing standards are proposed that are complementary to those used for trials of other new public
health tools, including drugs, vaccines and insecticides, drawing also from relevant experience in
agriculture and biocontrol. The guidance framework examines the fundamental considerations for
addressing public engagement and transparency needs in research on GMMs, taking into account
lessons learned from previous introductions of new technologies in the fields of health and
agriculture. Finally, while it reviews existing regulatory requirements and guidance that are either
directly pertinent to research on GMMs or may provide precedents for establishing the appropriate
level of oversight, it is understood that such precedents will continue to be expanded and refined as
research on modified mosquitoes proceeds. This Guidance Framework for Testing of Genetically
Modified Mosquitoes is intended to foster quality and consistency in the processes for testing and
regulating new genetic technologies. It is hoped that it will contribute to comparability of results and
credibility of conclusions in addressing the requirements for decision-making by countries interested
in the potential use of these technologies as public health tools for control of vector-borne diseases.
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Key messages

1. Despite ongoing control efforts, diseases transmitted by mosquitoes, such as malaria and
dengue, continue to pose an enormous global health burden. Multinational public health
organizations have called for the eradication of malaria and of the major mosquito vector of
dengue. There is broad recognition of the need for improved tools to combat these diseases,
including tools for vector control.

2. Currently available methods to control mosquito vectors of malaria and dengue are based on
the use of insecticides and elimination of mosquito larval breeding sites. In considering the
potential of new technologies to address the unmet needs of mosquito control, it is necessary to
evaluate their risks and benefits in the context of the current situation. Thus, the risk incurred by
testing new and unproven strategies should be weighed against the risks to human health and
the environment posed by maintaining the status quo, which includes both ongoing disease and
exposure to broad-spectrum insecticides, and of the changing status of factors affecting
mosquito abundance, such as land use, urbanization and climate.

3. GMMs have been proposed as a possible new tool to reduce transmission of malaria and
dengue. This Guidance Framework is intended to foster quality and consistency of procedures
for testing of GMMs, which will contribute to comparability of results and credibility of
conclusions in addressing the needs for decision-making by those considering the use of GMMs
as public health tools to control mosquito-borne diseases. The Guidance Framework should be
useful to readers interested in:

*  GMM technologies and applications that currently are being contemplated;

¢ safety, efficacy, regulatory and social/ethical issues involved in taking GMMs from the
laboratory to field testing;

e precedents that exist for how these issues have been dealt with to date;

e existing regulatory frameworks and international agreements that are relevant to GMM
testing and eventual implementation.

4. GMM technologies currently under development are aimed at either reducing the size of the
mosquito vector population to an extent that will significantly reduce pathogen transmission
(“population suppression”) or at replacing the current population with mosquitoes that have
been made less capable of transmitting a particular pathogen (“population replacement”).

5. These technologies can be further defined according to how long the GMMs are intended to
persist in the environment following release. The persistence of the GMM effect will depend
upon the transgene components and their behaviour.

6. With “self-limiting” approaches, the genetic modification is designed to decline in frequency
within the mosquito population over time until it disappears. In some cases, the GMMs are
meant to be sterile and thus unable to pass the genetic modification on to future generations
through mating. In other cases, the GMMSs are meant to mate and introduce the effect briefly
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10.

into the local mosquito population, but it is expected that crossing with local mosquitoes over a
number of generations will reduce the modification until it is lost. Thus, the protective effect of
self-limiting approaches can only be maintained by periodic re-releases of GMMs, and how often
these releases must be performed will depend upon the type of genetic modification. From a RA
perspective, these releases can be readily halted and this should decrease the possibility of
producing undesirable changes in the environment. However, the need for frequent
reintroductions is associated with ongoing costs of production and delivery.

With “self-sustaining” approaches, the genetic modification is intended to be spread into the
local mosquito population and to persist indefinitely. These approaches have the potential to
provide highly durable and cost-effective protection against pathogen transmission, but any
unforeseen effects may be more difficult to reverse than would be the case for self-limiting
approaches.

GMM technologies offer several theoretical advantages over conventional vector control
strategies. They may reach mosquito populations and mosquito larval breeding sites that have
traditionally been the hardest and most expensive to access by exploiting the natural behaviour
of mosquitoes to mate and seek sites for egg laying. For example, GMMs would be well suited to
urban settings, where current control measures are largely ineffective due to the wide
availability of cryptic mosquito larval breeding sites. Additionally, GMMs may reach ocutdoor and
day-biting mosquitoes that often escape control methods such as bed nets and indoor
insecticide spraying. The modification could be made highly specific for the target mosquito
species, which would avoid ecological and environmental hazards associated with commonly
used broad-spectrum insecticides. GMMs could provide continuous protection in situations
where other disease control methods have been interrupted, and prevent the reintroduction of
the pathogen after successful elimination efforts. It is important also to note that GMM
technologies could be used in ways that are compatible with other disease control methods and
could be incorporated into integrated vector management programmes.

Theoretical disadvantages also have been raised for GMMs, including several unknowns related
to possible ecosystem interactions. Because of the breadth of different genetic approaches that
are under consideration as well as conditions under which they might be used, it is not possible
to provide a universal formula for evaluation of GMM technologies. As with other public health
technologies, case-specific testing will be required to understand the advantages and
disadvantages of a particular GMM approach, keeping in mind both the potential benefits as
well as risks. This can begin prior to field-testing as particular GMM approaches are developed,
building on principles already described for existing technologies.

A phased testing pathway is recommended for GMMs, analogous to the development pathway
for other new public health tools, with systematic assessment of safety and efficacy at each
step. New GMM technologies would first move from the laboratory (Phase 1) to testing under
confined conditions that provide a more natural setting but still limit release into the
environment (Phase 2). Phase 2 may involve testing under physical confinement, as in a large
cage equipped to simulate a disease-endemic setting, or under ecological confinement, as under
geographic, spatial or climatic isclation. RA and prior experience with the technology will inform
the plan for confined testing; it is recognized that regulatory requirements for physical and
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ecological confinement will differ because of the different levels of environmental exposure.
Following confined testing, GMMs may proceed to a series of staged open release trials in Phase
3, designed to measure performance under different conditions and to assess the ability of
GMMs to reduce infection and/or disease in human populations. Based on resuits from Phase 3,
a decision may be made to deploy GMMs as a public health intervention (Phase 4). Phase 4

would be accompanied by a plan for long-term monitoring of safety and efficacy.

11. The transition from one phase to the next will be subject to “go/no-go” decision criteria,
including efficacy and safety endpoints, regulatory and ethical approvals, and social acceptance.
Testing would not proceed if either the responsible regulatory authority or the developer makes
a “no-go” decision or places a trial on hold in order to collect more information. Community
acceptance would be a critical determinant in deciding whether testing could move forward in a
particular location.

12. The critical path for GMM development will include not only proof of efficacy, but also proof of
acceptability and deliverability. Risk analysis, community and other stakeholder engagement,
and regulatory approval all contribute to proof of acceptability. Cost-effectiveness of the
technology vs. other available disease control methods also may influence acceptability.
Deliverability will require consideration of an operating model with appropriate prospects for
financing to support deployment and subsequent monitoring, sufficient technical and
production capacity, quality control processes, methods for management and mitigation in the
case of adverse effects, as well as commitment to ongoing stakeholder engagement.

Efffcacy evaluation

13. GMMs must be effective in reducing transmission of the targeted pathogen(s) and not
detrimental to the environment and human health if they are used as public health intervention
tools. Demonstration of efficacy will be a critical determinant for decision-making about
deployment.

14. The efficacy of GMMs may be measured by both entomological and epidemiological endpoints.
The entomological endpoint is a reduction in the risk of disease transmission as measured by
specific mosquito population characteristics. The epidemiological endpoint is a reduction in the
incidence of infection or disease in human populations. Whereas entomological endpoints may
be relevant through all phases of testing, epidemiological endpoints will probably only become
significant as research progresses to larger trials under Phase 3.

15. The most direct measure of an entomological endpoint is a reduction in the estimated
transmission intensity, which is called the entomological inoculation rate (EIR). Because
measuring EIR reductions is difficult or impossible during Phase 1 and Phase 2, it will be
necessary to infer reductions in EIR by surrogate vector indicators that would contribute to the
EIR, such as vector population size, transgene frequency, GMM fitness, or pathogen replication
within the vector.

16. A potentially powerful design for determining efficacy of GMM applications is the cluster
randomized trial. Such trials must be designed to allow measurable reductions in an endpoint
such as infection incidence. Careful site selection is necessary to increase the likelihood of
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detecting significant results. The influence of seasonal and inter-annual variations and spatial
heterogeneity in incidence on trial design must be considered. “Go” and “no-go” criteria for
moving forward should be determined. Independent monitoring of trials is recommended.

17. GMMs will most likely be applied in the context of conventional control measures. Thus, the
effect of other ongoing control measures on the outcomes of the GMM trials must be
considered in the trial design. The efficiency of GMMs relative to conventional control will in
part determine their utility.

Biosafely

18. Risk is the likelihood that harm will occur from a particular action. The level of risk is estimated
as the product of the expected probability that a harmful event will occur and the expected
consequences, or impact, of the event.

19. RA is a methodological approach to systematically define the level of risk. Risk management
(RM) encompasses strategies developed to avoid and reduce risk to acceptable levels. Risk
analysis encompasses RA and RM, as well as risk awareness and risk communication. Risk
analysis should articulate and inform the concerns on which to focus and the acceptability of
risks, and convey the results of these processes to the public and to decision-makers.

20. The core functions of risk analysis are assessment and management. RA should determine: the
planned actions and potential routes of exposure for defined hazards, how these can be
measured and the limits of concern; a characterization of events leading to potential negative
impacts of the GMMs; the anticipated level of exposure to these events leading to quantification
of the likelihood and consequences of their effect on target organisms, non-target organisms
(NTOs) and human health; and the levels of uncertainty associated with the potential events,
levels of exposure, and their consequences. RM should identify and evaluate proportionate
measures that are needed to mitigate any harm or uncertainty and demonstrate how both
standard and responsive measures would make the identified risks acceptable to regulators.
Additional risk communication may be needed to determine that RM is also acceptable to a
wider community.

21. The evaluation of risk should be set against the benefits of GMMs for improving human health
on a case-by-case basis. Cost-benefit or cost-effectiveness analyses can provide the framework
under which the appropriate (economic, health, social) returns of a GMM-release programme
may be guantified, and provide a context for decision-making about the level of acceptable risk.
RA of novel technologies should be set against the risk of relevant alternatives, such as the risk
of no action or the risk of conventional control methods. For example, “causes more harm” than
current practice is a reasonable comparator for RA of GMM-based vector control systems.

22. On evaluation, risk in some cases may be judged as negligible, as when the probability a harmful
event will occur is determined to be very low or the consequences of an event occurring would
be minimal. Moreover, in many cases, despite potentially harmful events being identified, the
practical level of risk to which the public is exposed can be reduced to acceptable levels by
effective management. The identification of potential hazards does not in itself indicate an
unacceptable risk.
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23. Biosafety considerations in Phase 1 testing of GMMs should include:

e how appropriate comparators will be chosen, what appropriate comparisons should be
made, and what endpoints will be used for these comparisons of risk;

¢ stability and effectiveness of the transgene at the population-level and the consequences of
incomplete or partial transgene function;

¢ the phenotype of GMMs with multiple transgenes, rather than the effect of individual genes;

¢ the methodology for and impact of sex separation, if appropriate to the GMM technology
being assessed;

¢ how GMMs will be discriminated within a wild population after release, how the
maintenance of gene integrity will be monitored, and how trial endpoints will be determined;

¢ the type, strength and function of the appropriate ecological processes affecting the GMM
population;

¢ appropriate ecological and biological comparisons for NTOs.

24. Additional biosafety considerations in Phase 2 testing should include:

¢ determination of the need for physically confined testing prior to ecologically confined
testing;

e appropriate site selection criteria for confined trials, bearing in mind the spatial location,
timing and duration of ecologically confined field trials;

¢ spatial extent of the trial, including potential risks in areas outside the designated trial site(s);

¢ development of detailed standard operating procedures (SOPs) to ensure that rearing,
release and monitoring are carried out consistent with the relevant assumptions made in RA,
with clear lines of responsibility and reporting, and RM strategies for field trials;

¢ potential for unanticipated effects on disease burden;

* non-target species assessments, if appropriate, for confined field trials.
25. Additional biosafety considerations in Phase 3 testing should include:

¢ characterization of local target mosquito ecology as required to set appropriate trial
endpoints, including impact on human health and the wider environment;

¢ methods for evaluating GMM success through population-level assessments;

¢ appropriate RM plans for any potential resistance to the genetic modification, designating
the lines of responsibility for managing this risk;

¢ proportionate assessment and management of non-target and off-target effects and the
likely risk of transgenic gene flow;

¢ proportionate assessment and management of risks associated with the mass production of

maosquitoes.

26. If and when a decision is made to deploy GMMs broadly as a public health tool, there may be a
need for post-implementation quality control and surveillance to monitor for effectiveness and
development of specific risks identified by post-release assessment. Biosafety considerations in
Phase 4 should include:

¢ methods available for ongoing monitoring of the epidemiological impact of GMMs on human
health;
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¢ methods available for ongoing monitoring of safety for the environment and human health
{in a manner analogous to pharmacovigilance, the monitoring applied to medicines after
introduction to market);

¢ available mitigation methods in the case that a negative effect is observed;

e risk implications and management of the movement of GMMs across borders.

27. Independent ongoing safety review during testing is recommended, covering relevant aspects of
environmental monitoring and human health. This may be accomplished through existing
institutional or national level biosafety committees or through the establishment of new review
bodies focused on GMM activities. The strengthening of biosafety oversight capabilities within
disease endemic countries should be encouraged. National biosafety laws and regulations
developed primarily to regulate genetically modified (GM) plants may need to be reinterpreted
for GMM, or additional guidance provided.

Ethics and public engagement

28. In the design of GMM trials, a key set of questions relates to the ethical implications, including
the nature and scope of the obligation to respect host communities and what type of
protections should be provided to them. Respect for communities should be understood as an

overarching ethical goal within GMM trials.

29. Although activities of ethical reflection and engagement often overlap with those of regulatory
compliance, ethical issues and responsibilities are generally broader than just those activities
specifically mandated by administrative law or organizational policies. It should not be assumed
that regulatory compliance implies that ethical and community engagement responsibilities
have been addressed adequately.

30. Democratic governance of technology requires that proposals on issues such as the testing of
GMMs be discussed and debated openly in a manner that receives the attention of scientists

and decision-makers, and in a way that ensures that stakeholders’ voices can be heard.

31. The ethics and engagement component of a GMM research programme will take place at
multiple levels, three of which are mentioned below.

¢ Within the project team. Team members and their advisers should articulate the value and
social purpose of the research, engage in ongoing and structured ethical reflection (including
consideration of dissenting opinions and legitimate public concerns), document publicly the
ethics and engagement activities that have been done, and evaluate the performance of
these activities. All of these efforts should contribute to further development and refinement
of plans and methods.

¢  With the host community. Researchers have ethical responsibilities to people living within a
trial site. For that subset of individuals classified as “human research subjects” according to
standard regulatory criteria, informed consent obligations will apply. However, there may be
many individuals living within a trial site who are not, in a traditional sense, subjects of the
research at hand, but who nonetheless may be affected by the conduct of research.
Community engagement addresses ethical obligations to these people, including undertaking
procedures that would be expected to identify them, advising them that they may have
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interests at stake, finding out what concerns they may have, responding to those concerns,
and reaching some form of agreement about whether the trial should proceed.

¢ With third parties. Individuals not immediately associated with the trial site such as public
health or international development organizations, other scientists, members of CSOs, the
press, and the general public, will take an interest in the conduct and outcome of the
research. The ethical obligation to third parties is not to seek them out proactively to ensure
awareness of the research, but to consider and respond to their expressed concerns and
interests in a respectful manner. GMM projects should incorporate a communications/public
engagement strategy that includes education about the goal and methods, but also provides

opportunities for follow-up discussion.

32. Ethics and engagement activities should be considered before Phase 1 proof-of-concept work
has been completed. Adequate plans for communication and engagement should be put in place
before the earliest stages of field testing begin. Community engagement activities should begin
during the collection of baseline entomological data, in order to avoid the possibility of
misunderstandings and miscommunications that could undermine respect for the host
community and jeopardize future research. Plans also should include initiating interactions with
policy-makers to explain research goals and develop an open dialogue.

33. Community engagement and authorization activities will be necessary in Phase 2 of the GMM
testing pathway. Before proceeding to confined release trials, plans should be in place for
responding to ethical obligations to individuals being asked to participate as human research
subjects and/or to communities being asked to host trials. Communications should explain that
trials are research activities intended to test a new technology, a protective effect is not assured,
and the community must continue to employ other available methods to protect themselves

from disease transmission.

34. Community engagement and authorization activities will expand in Phase 3, and human subjects
issues will become more prominent in trials undertaken to determine the epidemiological
impact of GMMs.

35. In Phase 4, ethical responsibilities to those who are affected by the technology are increasingly
likely to converge with established processes. Deployment of GMMs will be a public health
initiative and will take place in the context of existing legal, regulatory and political institutions.
However, the need for public engagement activities is likely to continue.

36. It will be important for members of the scientific team to be involved in ethics and engagement
activities. However, many aspects of these activities will also require the specialized skills of
social scientists and communications experts. Adequate funding for these activities will be
imperative for the successful accomplishment of the research objectives.

37. A need can be anticipated for training of project scientists about research ethics, and of
institutional or national ethics review committees in the specialized issues associated with
vector biology research.
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Regulatory rameworks

38. Regulation is an enabling process that ensures that safety and efficacy are consistent with social
values. Regulation of GMMs may be encountered early in the research process and throughout
development and implementation. Regulation can be expected at institutional, state, provincial
and national levels, all of which may have to be addressed concurrently.

39. Each country has its own sovereign regulatory process, but overarching international
agreements or treaties also may be relevant. Early investigation of the regulatory processes in a
given country and open communication with the national officials, risk assessors, and decision-
makers are imperative in order to understand the requirements relevant to GMMs.

40. Early interaction with regulators will serve to identify the appropriate regulatory pathway for
GMMs, and proactive communications will help to build understanding within regulatory
agencies about the GMM technology, as well as the goals and methodologies of the project.
There may be a need to strengthen familiarity with entomology research methods and/or
biosafety procedures, and this should be planned for accordingly.

41. The Cartagena Protocol on Biosafety (CPB) is accepted by almost all developing countries and is
anticipated to be an important influence on GMM regulatory processes and RAs. It will be
essential to work with regulators to ensure understanding of the differences between GMM and
GM plants or crops, including the fact that human health benefits are relevant as part of the
regulatory decision-making process for GMMs. Limited resources available to GMM developers,
especially where products are intended primarily to serve the public health needs of developing
countries, make it important for authorities to exercise discretion in imposing regulatory
requirements, taking into account scientific rationale and relative risks.

42. Regulation of GMMs may present unanticipated costs and potential delays that must be
recognized as early as possible. Plans for dealing with such contingencies should be put in place
and suitably resourced.

43. Informed public involvement and consent in the GMM regulatory decision process is a necessity
if implementation is to occur without adverse public reaction. Regulatory processes often
include formal public consultation cpportunities.

44. While there is currently no standardized procedure for addressing potential transboundary
movement of GMMs that are self-sustaining or with gene drive, some precedent is provided by
prior introductions of classical biological control agents in agriculture. A regional notification and
agreement process may be advisable for planned introductions capable of autonomous
international movement beyond the scope of provisions in the Cartagena Protocol and may best
involve a multilateral organization in a coordinating capacity.
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Guidance Framework for Testing of Genetically Modified Mosquitoes

1. introduction

Summary: The need for better methods to combat mosquito-borne diseases is widely recognized. Recent
research offers the possibility that genetically modified mosquitoes (GMMs) could be used to prevent
pathogen transmission. GMMs provide several theoretical advantages that may make them attractive for
vector control, such as specificity and the ability to function in areas that are difficult to reach with
conventional control methods. Different GMM technologies under consideration include those aimed at
reducing the number of mosquito vectors in a given region {population suppression) or rendering the local
mosquitoes unable to transmit a pathogen [population replacement). Both types of technologies can be
designed so that GMMs persist for only a brief period of time (self-limiting) or so that the modification is
passed on through local wild mosquitoes and persists indefinitely within the local mosquito population
{self-sustaining}.

Ongoing releases of self-limiting GMMs will be required to maintain effectiveness. Self-limiting approaches
may be attractive from an environmental safety perspective since they are not expected to persist in the
environment or to spread far beyond the release site. However, self-sustaining approaches ultimately
could provide more durable and cost-effective public health solutions. A phased testing pathway is
recommended, in which new GMM strategies move from the laboratory, to testing in more natural
environments under confined conditions, and finally to open release trials, with each transition dependent
upon satisfactory demonstration of efficacy and safety. When GMM are incorporated into national or
regional vector control programmes, the need for ongoing case-specific monitoring of effectiveness and
safety should be considered to ensure acceptable guality and performance standards and to inform any
necessary management responses.

Current mosquito control efforts rely heavily on chemical methods including insecticide-treated bed
nets, indoor residual spraying with insecticides, outdoor insecticide fogging, and application of
chemical larvicides, or management of standing water for mosquito larval breeding sites. Despite
diligent application of available control strategies, including improvements and expanded use of bed

nets, mosquito-borne diseases such as dengue (WHO, 2012),2

and malaria (Murray et al., 2012;
WHO, 2013) continue to pose major global health challenges. WHO experts have stated that, “global
eradication of malaria cannot be expected with existing tools” due to the difficulties of interrupting
transmission in sites with ongoing high vectorial capacities (Mendis et al., 2009). Malaria mapping
and modelling studies support this conclusion (Hay et al., 2009, Griffin et al., 2010). Similarly, a WHO
Special Programme for Research and Training in Tropical Diseases (WHO-TDR)-sponsored dengue
scientific working group acknowledged that, “we are collectively failing to meet the threat posed by
dengue as the disease spreads unabated and almost 40% of the world’s population now live at risk
of contracting it” (Farrar et al., 2007). Re-emergence of dengue over the last two decades is exacting
an increasing public health and economic toll (Shepard et al., 2011, Shepard et al.,, 2013). The
disease is now recognized as one of the most common reasons for hospital admission in the
Americas and Asia during the rainy seasons (Whitehorn & Farrar, 2010). WHO has acknowledged
that, “innovative vector control tools are badly needed,” and in particular that, “methods that
improve the ability to deliver persistent treatments more rapidly and efficiently into large urban

: Dengue and severe dengue: http://www.who.int/mediacentre/factsheets/fs117/en/, accessed 25 May 2014.
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Guidance Framework for Testing of Genetically Modified Mosquitoes

communities in a sustained way are urgently needed” (WHO, 2012). Limitations of current vector
control methods include: inability to reach mosquito larval breeding sites and adult resting sites;
evolution of resistance to chemical agents; compliance and infrastructure issues; concern about the
impact on the environment and/or toxicity to humans; and, importantly, cost. The ongoing costs of
vector control are substantial,® and maintaining the high levels of donor and national government
support necessary to achieve high coverage of control measures over long periods of time has
historically proven daunting (Mills, Lubell & Hanson, 2008; Leach-Kemon et al., 2012). Thus, for both
operational and economic reasons, there is a recognized need for new, sustainable, and cost-
effective vector control tools.

Intensive interest arose in the late 1980s for the application of modern genetic engineering
technology to arthropod vectors as a useful approach for limiting transmission of human pathogens
(Beaty et al., 2009). Subsequent research has focused in large part on two high impact mosquito
species, Anopheles gambiae and Aedes aegypti, which serve as major vectors for malaria and
dengue, respectively.

Substantial progress has been made on challenges such as sequencing the genomes of these two
important vector species, achieving stable germline transformation, identifying sex-, tissue- and
stage-specific DNA control elements, identifying genes involved in susceptibility or resistance to
infection/insecticides, and developing models for methods to spread heritable modifications into
native mosquito populations within an epidemiologically relevant timeframe as needed to achieve
disease control. The initial technical objective, germline transformation, has been accomplished in
all major mosquito genera {(Allen et al., 2001; Catteruccia et al., 2000; Jasinskiene et al., 1998) and
can be considered routine for several species. Beyond similar preliminary achievements, effector
genes have been developed that accomplish proof of principle for either refractoriness or sterility.
Examples include: 1) mosquitoes refractory to malaria parasites (Ito et al., 2002; Corby-Harris et al.,
2010, Isaacs et al., 2011; Isaacs et al,, 2012} and dengue virus {Travanty et al., 2004; Franz et al.,
2006); and, 2} mosquitoes that are sterile (Windbichler, Papathanos & Crisanti, 2008) or that
function in a manner to limit reproductive potential (Fu et al., 2010; Galizi et al., 2014; Phuc et al,,
2007; Thomas et al., 2000). Additional methods have been proposed or demonstrated that await
development in transgenic mosquitoes (e.g. Marshall et al.,, 2010; Papathanos et al., 2009;
Schliekelman & Gould, 2000). Efforts can also be envisioned to develop additional effectors to
reduce life span or alter behaviours in a beneficial way.

Although much work remains to be done, it is now possible to envision a pathway towards the
realization of the successful implementation of genetic technologies for the control of mosquito-
borne diseases. A multidisciplinary effort will be required, encompassing not only additional
scientific advances, but also complementary planning for ethically and environmentally responsible
testing as well as for reliable, cost-effective and socially acceptable deployment. Consequently, the
technical consultation on GMMs organized in May 2009 by WHO-TDR and the Foundation for the
National Institutes of Health (FNIH} recommended that a guidance framework be developed for
assessing safety and efficacy and addressing regulatory and ethical, social and cultural issues during

* Global Malaria Action Plan, Table i.4: hitp://www.rollbackmalaria.org/gmap/2-5.html, accessed 25 May
2014.
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the development and testing of GMMs (WHO, 2009). The framework presented here is intended to
provide a basis for conduct of trials according to best practices that will contribute to comparability
of results and credibility of conclusions. This should facilitate decision-making by countries regarding
the potential testing and use of GMMs as public health tools for prevention and control of malaris,
dengue and other mosquito-borne diseases.

1.0 GMM technologies

Currently contemplated GMM technologies are designed to have the following two major types of
effect.

¢ Population suppression — strategies that target vector “demography” with the intent to
reduce (suppress} the size of the mosquito population such that it would not be able to
sustain pathogen transmission. These include methods to reduce the overall numbers of
female mosquitoes (with or without a concomitant direct effect on males), which will result
in decreased reproduction. Examples of how this could be accomplished include biasing
against the development of female progeny (sex-ratio distortion), reducing female fertility, or
introducing a mechanism that incapacitates or kills young female mosquitoes. This category
also includes methods to shorten the lifespan of female mosquitoes, thus decreasing the
length of time available both to transmit a pathogen from one person to the next and to
reproduce.

¢ Population replacement — strategies that target vector competence with the intent to reduce
the inherent ability of individual mosquitoes to transmit a given pathogen. This involves the
introduction of engineered DNA and/or the manipulation of endogenous genes so as to
inhibit pathogen replication within the mosquitoes, making them refractory to transmission
of particular viruses or parasites. Upon release into the environment, these refractory GMMs
will be expected to introduce, through mating, the change into the local mosquito
population, “replacing” their inherent ability to spread the targeted pathogen with a reduced
or eliminated transmission capability.

These strategies can be further categorized according to the ability of GMMs to persist following
release (Table 1.1; Alphey, 2014). This will depend largely on a combination of two characteristics.
The first is “fitness cost” (a decrease in the mosquito's ability to survive and reproduce as a result of
the genetic modification) and the second is “drive” (a mechanism to increase the frequency of
effector genes in a population at a rate faster than would be expected through normal Mendelian
inheritance). The following two general approaches are being pursued.

e Self-limiting — opproaches in which the GMMs are unable to pass the modification on
indefinitely through subsequent generations. Self-limiting approaches are designed to impose
a significant fitness cost, which will cause the GMMs to decline in frequency over time until
they disappear within the local population unless they are maintained by periodic new
releases. In general, the greater the fithess penalty, the shorter the time period over which
the GMMs would be expected to maintain their effectiveness. Indeed, a subset of the self-
limiting approach is comprised of GMMs that {imit the number of viable adult progeny

produced from mating and hence the amount of genetic material passed to future
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generations. In this case, the genetic modification may aim for “sterility” {the GMMs do not
reproduce) or late-acting lethality (the GMMs reproduce but most of their progeny do not
survive to adulthood). Other self-limiting approaches impose a less severe fithess cost, and
therefore the modification will disappear more gradually from a population when releases
stop. Some of these are designed to have a transient gene drive system that breaks down
over time, at which point harmful effects on fitness predominate and the modification is
expected to disappear from the population without recurrent releases. Thus, with self-
limiting approaches, the combined effect of the fitness cost, which works against persistence,
and drive, which promotes persistence, will dictate how long the GMMs will remain effective
in the field and how often additional releases will be required.

A spectrum of different self-limiting approaches is under development. Some are being
constructed to function similarly to the sterile insect technigue (SIT} that has been used
successfully against pest insects affecting livestock and crops (Lindquist et al., 1992; Dyck,
Hendrichs & Robinson, 2005). In this case, few, if any, viable offspring are expected to result
from the mating of GMMs with native mosquitoes. The reproductive potential of the local
population, therefore, is expected to decrease, resulting in population suppression. Such
approaches will require frequent inundative releases of GMMs to maintain effectiveness.
With self-limiting approaches at the other end of the spectrum, i.e. those that impose a
lower fitness cost and incorporate weak drive, GMMs from an initial release are expected to
mate productively with local mosquitoes and introduce the desired effect into the
population. However, the modification will gradually be diluted over a number of
generations of crossing with native mosquitoes until it is lost. Less frequent releases,
involving lower numbers of GMMs, would be required to maintain the effectiveness of this
type of self-limiting approach.

Computer simulations support the potential for self-limiting approaches to substantially
reduce vector-borne diseases (e.g. Atkinson et al., 2007, Legros et al., 2012). Moreover, it
has been argued by some that release of self-limiting constructs should constitute the early
stages of field testing in order to gain experience with GMM technology under
circumstances where its effects could be withdrawn by halting releases (Benedict &
Robinson, 2003).

¢ Self-sustaining — approaches in which heritable modifications are intended to spread
indefinitely through the target population. Self-sustaining approaches must be able to spread
the effector mechanism into native mosquito populations within an epidemiologically
relevant timeframe. Thus, they require a strong drive mechanism capable of overcoming any
fitness costs and increasing rapidly the frequency of the effector gene(s} from low initial
levels to fixation, or near fixation. Once established, self-sustaining approaches are intended
to be relatively stable and to require smaller and infrequent inoculative releases to maintain
effectiveness. In the case of population replacement, the modification may become fixed
permanently within the local population. With self-sustaining population suppression
strategies, the modification may spread until the local vector population is greatly reduced or
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eventually eliminated. Computer simulations support the potential for self-sustaining
approaches to provide complete elimination of the disease pathogen in some circumstances,
potentially replacing existing control methods (e.g. Deredec et al., 2012).

Table 1.1 GMM technologies currently under development

odification reduces the number o odification reduces the
progeny number of progeny

- Possesses either no gene drive or | - Possesses strong gene drive

weak drive that will pass the | - Intended to spread the
modification through only a limited | modification indefinitely or
number of generations until the mosquito population

- Not intended to persist in the | is eliminated
absence of continued releases

- Modification limits  pathogen | - Modification limits pathogen

replication, thereby reducing | replication, thereby reducing
transmission transmission

- Possesses weak gene drive that will | - Possesses strong gene drive
pass the modification through only a | - Intended to spread the
limited number of generations modification  through  the

- Intended to persist only until diluted | population indefinitely
out of the population

1.2 Characteristies of GMMs

GMM technologies offer certain potentially favourable design characteristics as new vector control
tools.

¢ They could provide area-wide protection that is accessible to everyone, regardless of their
socioeconomic level, and they do not require people to change their behaviour in order to be
effective.

¢ They would not require application of a chemical that must come into direct physical contact
with the mosquito to be effective.

¢ They could reach mosquito populations and their larval breeding sites that have been
traditionally the hardest and most expensive to reach using conventional vector control
strategies by exploiting the natural seeking behaviour of the mosquitoes to find mates and
oviposition sites. This would include outdoor and/or day-biting vectors that escape control by
bed nets and indoor spraying but may play an important role in transmission.

¢ A high level of specificity and stability would reduce ecological, environmental and human
health hazards associated with currently available broad spectrum insecticides.
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¢ They would be well suited to application in urban environments where current control
measures largely have proven inadequate.

¢ Technologies aimed at population suppression could reduce transmission of all pathogens
transmitted by the same vector mosquito. For example, suppression of Aedes gegypti vectors
could reduce transmission of dengue, yellow fever and chikungunya viruses.

Self-sustaining approaches have additional envisioned characteristics that would be useful in disease
elimination or eradication efforts.

¢ Limited need for reapplication would minimize the requirement for ongoing mass production
and delivery, which should make their use relatively inexpensive.

¢ Durability of activity should maintain effectiveness even in situations where other disease
control methods must be temporarily suspended, as, for example, due to adverse weather
conditions or civil unrest.

¢ Population replacement technologies would reduce or eliminate the pathogen, rather than a
particular mosquito vector. By not leaving an empty ecological niche, their effects should not
be limited by the potential for invasion of the treated area by other competent vectors.

¢ Some of the technologies could affect more than one local vector species if cross-mating
occurs even at low levels, thus having the potential to reduce disease in regions where it is
transmitted by related species.

Theoretical disadvantages of GMMs also have been proposed. These include possible ecosystem
effects. An example is the complexity of applying a species-specific technology in situations where
disease is spread by multiple vectors and the possibility that removal of the current disease vector
may allow a new vector to become established. Other potential issues are the development of
resistance over time, either on the part of the mosquito or the pathogen, and the loss of immunity
by people in treated areas over time; however, these possibilities also are shared by other control
methods such as insecticides and drugs. Such possible hazards must be taken into consideration in
risk assessment (RA) (Section 3. Biosafety).

1.3 Potential utility of GMMs

GMMs are primarily being developed for use within disease endemic or epidemic situations as part
of an area-wide control programme to reduce the rate of pathogen transmission. GMMs are likely to
be used as part of an integrated approach, in conjunction with other disease control methods.
GMMs are compatible with use of drugs and vaccines, as well as common vector control methods
such as source reduction. Importantly, GMM-mediated methods to reduce the force of disease
transmission by reducing the number of infectious bites could improve the protective potential of
new vaccines. For example, modelling suggests that a pre-erythrocytic malaria vaccine would be
much more effective in low transmission settings than in high transmission settings (Penny et al.,
2008). Likewise, concurrent use of a vaccine would reduce the possibility that prolonged reduction in
pathogen exposure due to effective transmission control might result in loss of immunity within the
human population (Ghani et al., 2009).
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Because they would not require a high level of individual participation, GMMs may not be as
susceptible to the lack of compliance that is sometimes seen with conventional control programmes
after disease rates fall and the perceived threat is low. Ongoing area-wide protection provided by
GMMs, especially those that are self-sustaining, could prevent the reintroduction of the pathogen
into the population (for example, by immigration of infected persons or mosquitoes) after successful
regional elimination efforts. This may provide a valuable tool for disease eradication.

Certain GMM technologies could also be useful as a preventative measure in regions where disease
is not yet occurring. For example, where exotic mosquito species may be introduced, GMMs could
help to prevent their establishment. This is analogous to current utilization of SIT to prevent
Mediterranean fruit fly infestation in otherwise pest-free areas.

1.4 GMM testing pathway

A series of workshops held in London and Atlanta in 2001 (Alphey et al., 2002), Wageningen in
2002, and Nairobi in 2004,° began a process to discuss requirements related to the testing and
implementation of genetically modified (GM) vectors. The concept of phased testing was widely
advocated. The recommendation to develop a phased testing pathway was reiterated at a technical
consultation, held in Geneva in May 2009, which focused on practical and technical issues associated
with moving new GMM technologies from the laboratory to field testing (WHO, 2009).

In accordance with these earlier recommendations, a stepwise testing process as illustrated in Figure
1.1 is proposed in this guidance framework. Subsequent sections expand upon specific
considerations related to efficacy testing, safety testing, ethical, social and cultural issues, and
regulatory decisions to be addressed at each phase.

> Ecological aspects for application of genetically modified mosquitoes:
http://library.wur.nl/frontis/malaria/index.html, accessed 25 May 2014.

e Bridging laboratory and field research for genetic control of disease vectors:
http://library.wur.nl/frontis/disease_vectors/index.html, accessed 25 May 2014.
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Figure 1.1 Phased testing pathway for GMMs
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For simplicity, the illustration describes a unidirectional pathway. In practice, however, repetitions of
some segment(s) of the pathway may be required in order to improve the technology and refine the
procedures until the requirements for moving to the next phase are met.

Phase 1 is anticipated to begin with small-scale laboratory studies for efficacy and safety testing,
followed by testing in larger population cages in a laboratory setting conducted under appropriate
containment facilities and procedures.” Laboratory testing under highly controlled conditions will
allow preliminary assessment of whether the GMMs demonstrate the desired biological and
functional characteristics, with an eye toward future efficacy and safety.

For those GMMs showing promise in Phase 1, Phase 2 initiates confined testing in a more natural
setting but under conditions that will limit release into the environment. Small trials in Phase 2 may
involve testing under physical confinement (sometimes termed “containment”) within a large cage
that simulates the disease-endemic setting while minimizing the possibility for escape. In the early
stages of testing of mosquitoes incorporating gene drive, experts have advocated testing under
physical confinement, such as within a greenhouse or screen-house type facility (Alphey et al., 2002;
Scott et al., 2002, Benedict et al., 2008). Phase 2 testing also may involve small-scale ecologically
confined field release. Ecological confinement entails geographic/spatial and/or climatic isolation
intended to limit the spread of GMMs into the environment. The decision about requirements for
one or both components of Phase 2 testing will be made by the national regulatory authority and
will probably depend on the nature of the GMM technology, prior knowledge of its effects in other

’ For example, arthropod containment levels:
http://www.liebertonline.com/doi/pdfplus/10.1089/153036603322163475, accessed 25 May 2014; or
Australian Government (2006).
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environments and other factors that are taken into account in the process of RA (Section 3.
Biosafety). A situation in which a physically confined trial might not be deemed necessary might
arise, for example, when a technology has already been tested and found to be safe in another
venue. It should be noted, however, that the regulatory requirements for physically vs. ecologically
confined trials are expected to be different, since an ecologically confined trial involves intentional,
although limited, release into the environment. Phase 2 trials will continue the assessment of
biological and functional activity of GMMs, including their effect on local/wild-type mosquitoes, but
because of their limited scale will only rarely provide information on the disease impact of the
technology. Moving on to initiation of larger GMM trials in the environment and in disease-endemic
countries will require thoughtful consideration and the application of relevant ethical and regulatory
practices (Section 4. Ethics and public engagement; and Section 5. Regulatory frameworks).

Contingent upon satisfactory results of confined testing in Phase 2, the GMM technology may
proceed to staged open release trials under Phase 3. It is likely that this will involve a series of
sequential trials of increasing size, duration and complexity, to be conducted at a single site or
multiple sites. These trials may be designed to assess performance under various conditions, such as
different levels of pathogen transmission, seasonal variations in mosquito density, or presence of
other disease vectors in the region. While measurement of entomological parameters is likely to
remain the focus of early Phase 3 trials, later trials in this phase may include measurement of the
impact of GMMs on infection and/or disease in human populations. Trials to show epidemiological
impact must be designed accordingly, with considerable thought on the needs for achieving a
statistically meaningful result. Although still focused on intense examination of the function and
efficacy of GMMs, Phase 3 trials effectively institute a limited deployment of the technology; this will
especially be the case for self-sustaining approaches that are anticipated to persist.

Approval for moving forward to each consecutive phase of testing (phases 1-3) will be the
responsibility of the relevant national regulatory authority. The identity of this authority may differ
among individual countries (for examples, see Appendix 1} as national legislation or policy may
invest this responsibility with a lead ministry or a board/commission representing several ministries.
Several levels of oversight and review will most likely be required before bringing the decision to the
national level (Section 5. Regulatory frameworks). Thus, the institution conducting the research is
expected to have its own independent committees overseeing biosafety and the involvement of
human subjects. Intermediate jurisdictional units of government may impose additional levels of
regulation.

Results of Phase 3 testing will form the basis for determination as to whether the technology should
move into wider scale application as part of a national or regional programme for vector and disease
control. The ultimate decision on deployment of GMMs as a public health tool (Phase 4) will involve
the national regulatory authority, and may additionally involve authorities responsible for
determining national or regional disease control priorities (if different from the regulatory body).
Phase 4 constitutes an ongoing surveillance phase that will assess effectiveness under operational
conditions {both entomological and epidemiological impact), accompanied by monitoring of safety
over time and under diverse situations. Long-term surveillance of safety for human health will be
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analogous to the pharmacovigilance® applied in medicine but, in the case of GMMs, aspects of
environmental safety should also be considered. Ongoing monitoring will be aimed at ensuring
sustained quality and performance for disease control, and determining whether any changes are
needed in management of either the GMM technology itself or other aspects of an integrated
control programme. In this regard, it will be important to ensure that a perceived decrease in the
disease threat following implementation of GMMs does not lead people living in the area to become
complacent and revert to behaviours that could increase transmission pressure.

1.5 Decislon-making

In determining whether any GMM technology should move forward from one phase to the next, it is
expected that the responsible regulatory authority will take into consideration criteria of both safety
and efficacy for its intended use. As described in subsequent sections of this Guidance Framework,
the transition from one phase to the next will be subject to defined “go/no-go” decision criteria,
including efficacy and safety endpoints, and be contingent upon regulatory and ethical approvals.

The meaning of “safe” is not easily defined, as it is recognized that virtually all public health products
(including those currently in widespread use against diseases such as malaria and dengue) have
some ability to cause adverse effects under certain conditions. Thus, a new product such as GMMs is
often assessed in the regulatory review process by determining whether its benefits outweigh its
risks.” The primary potential benefit of GMMs would be the improvement of human health, and
therefore efficacy data will enter into decision-making regarding benefit. The stringency of efficacy
demonstration required to judge a new technology worthy of moving forward may well be
influenced by the potential for adverse effects associated with the technology, which in turn will
differ according to the phase of testing. Variations in individual judgement, as well as the context in
which decisions are being made, can lead to differing opinions about risk-benefit assessment. Some
might advocate for withholding regulatory approval until absolute assurance of the absence of risk is
available, regardless of benefit. However, regulators may feel that other contextual factors also
should be taken into account, such as the severity of the health problem addressed by the new
technology, and the availability and utility of alternative disease control methods (FDA, 2013). With
regard to genetically modified organisms (GMOs), the Nuffield Council on Bioethics has
recommended “comparison of the risks of the status quo with those posed by possible paths of
action,” recognizing that “there can be dangers in inaction, or alternative courses of action, as well
as in the adoption of a particular innovation” (Nuffield Council on Bicethics, 20147).

Other considerations beyond risk-benefit may come into play, especially when decisions are being
made to deploy a new technology as part of the national disease control programme (Phase 4).
Economic evaluations may be used to compare alternative courses of action as a basis for weighing
the options and making sound decisions about investment of scarce resources. Cost-benefit analysis
provides for the systematic calculation of benefits and costs in monetary terms and over time.

WHo Pharmacovigilance:
http://www.who.int/medicines/areas/quality_safety/safety efficacy/pharmvigi/en/index.html, accessed 25
May 2014,

° For example, FDA (2013}, EMA (2011) and Explanation of statutory framework for risk-benefit balancing for
public health pesticides: http://epa.gov/pesticides/health/risk-benefit.htm, accessed 25 May 2014.
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However, for public health interventions, it may be difficult to calculate the benefits of improved
health in financial terms. A related method for comparing the relative costs and outcomes of
multiple courses of action is cost-effectiveness analysis, which expresses benefit as a measurement
of a particular health gain. For example, cost-effectiveness analysis might allow comparison of
alternative malaria or dengue control methods in terms of costs required to achieve a particular
reduction in mortality or clinical disease. Public health decision-makers may take a sectoral
approach, comparing cost and effectiveness of all possible disease interventions to select a mix that
provides maximum health benefits within given resource constraints. Issues that will need to be
factored into decision-making include whether the GMM technology will replace or reduce the need
for other control measures and, if not, how much the addition of GMMs to ongoing disease control
efforts will enhance the overall effectiveness of the programme.

1.6 Critical path for GMM development

Proof of concept for efficacy of the GMM technology is one component of the critical path. Other
key elements must be engaged for proof of acceptability as well as proof of deliverability and
sustainability (Figure 1.2). Proof of acceptability involves risk analysis, regulatory approval and
community/stakeholder authorization. As mentioned, cost-effectiveness of the technology vs. other
available disease control methods may influence acceptability. Proof of deliverability involves the
development of an operating model with planning for sufficient technical capacity to support wider-
scale deployment, production capability at an appropriate scale, financing to support deployment
and subsequent monitoring, methods for field-applicable high-throughput monitoring for quality
control, management and mitigation capability in case of adverse events, and ongoing stakeholder
engagement. Sustainability will have different implications depending on whether the GMM
technology is self-limiting or self-sustaining, but in either case an important aspect will include
planning the response should indications of resistance to first-generation GMMs be detected during
Phase 4 monitoring. As is the case for drugs and insecticides, this may require support for ongoing
research to develop next-generation products.

Challenges remain in the identification of a viable model for the development of GMMs as public
health tools. Public agencies and philanthropic funders may provide the resources for phases 1 and 2
research. However, the level of support that will be required beyond early, small-scale, Phase 3
testing may be beyond the capacity of such research funders. In the standard business model used
for drugs, vaccines and insecticides (including those against malaria and dengue}, industry would be
expected to pick up a promising lead and provide additional financing for its development into a
marketable product. However, GMMs are a new technology primarily being developed for use in
low- to middle-income countries and their potential for direct financial returns is uncertain
(especially with self-sustaining versions). Small biotechnology companies with limited resources
currently represent the only direct industry involved in GMM development. Public-private
partnerships, non-profit corporations, and other models of broadly supported funding consortia may
provide good precedents for GMM development. Furthermore, technology transfer to disease-
endemic countries is an important goal of GMM research.

11
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This Guidance Framework focuses primarily on the most immediate issues to be addressed in the

critical path to GMM development: proof of efficacy (testing for entomological and epidemiological

impact) and acceptability (biosafety, ethics and engagement, and regulatory requirements).

Figure 1.2 Elements of the critical path for GMM development and deployment

*  Target product profile
established

*  Technology works in [ab

=  Technology validated in
cage studies (Phase 1
and/or 2}

*  Modeling indicates utility

« Technology continues to
show promise in further
confined/open field trials

Partnerships established for
field testing

Risk analysis supports further
testing

Authorizations obtained from
appropriste regulatory bodies
Technology understood and
accepted by communities and
governments
Cost-effectiveness analysis
demonstrates value

Operating model defined
and delivery plan developed
Capability for production at
sufficient scale astablishad
Plans in place for financing
of deploymeant, monitoring,
mitigation {(if required)
In-country capacity
established for deployment,
monitoring, mitigation
Plans in place for ongoing
public engagement

ED_005208A_00181440-00149

12



Guidance Framework for Testing of Genetically Modified Mosquitoes

Referenoes

Allen MC, O'Brochta DA, Atkinson PW, Levesque CS (2001). Stable, germ-line transformation of Culex
quinguefasciatus {Diptera: Culicidae). } Med Ent. 38:701-10.

Alphey L (2014). Genetic control of mosquitoes. Ann Rev Ent. 59:205-24.

Alphey L, Beard CB, Billingsley P, Coetzee M, Crisanti A, Curtis C et al. (2002). Malaria control with genetically
manipulated insect vectors. Science 298:119-21.

Atkinson MP, Su Z, Alphey N, Alphey LS, Coleman PG, Wein LM (2007). Analyzing the control of mosquito-
borne diseases by a dominant lethal genetic system. Proc Natl Acad Sci USA 104:9540-45.

Australian Government (2006). Guidelines for certification of a physical containment level 2 arthropod facility.
Version 2.1 - issued 1 September 2006. Canberra, ACT: Department of Health and Ageing
(http://www.ogtr.gov.au/internet/ogtr/publishing.nsf/Content/PC2-4/SFILE/PC2ARTHv2-1.pdf, accessed 25
May 2014).

Beaty BJ, Prager DJ, James AA, Jacobs-Lorena M, Miller LH, Law JH et al. (2009). From Tucson to genomics and
transgenics: the vector biology network and the emergence of modern vector biology. PLoS Neg Trop Dis.
3:e343.

Benedict MQ, Robinson AS (2003). The first releases of transgenic mosquitoes: an argument for the sterile
insect technique. Trends Parasitol. 19:349-55.

Benedict MQ, D’Abbs P, Dobson S, Gottlieb M, Harrington L, Higgs S et al. (2008). Guidance for contained field
trials of vector mosquitoes engineered to contain a gene drive system: recommendations of a scientific
working group. Vector Borne Zoonotic Dis. 8:127-66.

Catteruccia F, Nolan T, Loukeris TG, Blass C, Savakis C, Kafatos FC et al. (2000). Stable germline transformation
of the malaria mosquito Anopheles stephensi . Nature 405:959-62.

Corby-Harris V, Drexler A, Watkins de Jong L, Antonova Y, Pakpour N, Ziegler R et al. (2010). Activation of Akt
sighaling reduces the prevalence and intensity of malaria parasite infection and lifespan in Anopheles stephensi
mosquitoes. PLoS Path. 6:1001003.

Deredec A, Godfray HC, Burt A (2012). Requirements for effective malaria control with homing endonuclease
genes. Proc Natl Acad Sci USA 108:e874-80.

Dyck VA, Hendrichs J, Robinson AS (2005). Sterile insect technique: principles and practice in area-wide
integrated pest management. Springer.

EMA (2011). Benefit-risk methodology project. London: European Medicines Agency, Human Medicines
Development and Evaluation (EMA/227124/2011;
http://www.ema.europa.eu/docs/en_GB/document library/Report/2011/07/WC500109478.pdf, accessed 25
May 2014).

Farrar J, Focks D, Gubler D, Barrera R, Guzman MG, Simmons C et al. (2007). Editorial: towards a global dengue
research agenda. Trop Med Int Health 12:695-99.

FDA (2013). Structured approach to risk-benefit assessment in drug regulatory decision-making. Draft PDUFAV
Implementation Plan — February 2013. Fiscal years 2013-2017. Washington, DC: U.S. Food and Drug
Administration
(http://www.fda.gov/downloads/Forindustry/UserFees/PrescriptionDrugUserFee/UCM329758.pdf, accessed
25 May 2014).

13

ED_005208A_00181440-00150



Guidance Framework for Testing of Genetically Modified Mosquitoes

Franz AWE, Sanchez-Vargas |, Adelman ZN, Blair CD, Beaty BJ, James AA et al. {2006). Engineering RNA
interference-based resistance to dengue virus type-2 in genetically-modified Aedes aegypti. Proc Nat Acad Sci
USA 103:4198-203.

Fu G, Lees RS, Nimmo D, Aw D, Jin L, Gray P et al. (2010). Female-specific flightless phenotype for mosquito
control. Proc Nat Acad Sci USA 107:4550-54.

Galizi R, Doyle LA, Menichelli M, Bernardini F, Deredec A, Burt A, Stoddard BL, Windbichler N, Crisanti A {2014}
A synthetic sex ratio distortion system for the control of the human malaria mosquito. Nat Commun. 5:3977.

Ghani AC, Sutherland CJ, Riley EM, Drakeley CJ, Griffin JT, Gosling RD et al. (20089). Loss of population levels of
immunity to malaria as a result of exposure-reducing interventions: consequences for interpretation of disease
trends. PLoS ONE 4:e4383.

Griffin JT, Hollingsworth TD, Okell LC, Churcher TS, White M, Hinsley W et al. {(2010). Reducing Plasmodium
falciparum malaria transmission in Africa: a model-based evaluation of intervention strategies. PLoS Med.
7:21000324,

Hay SI, Guerra CA, Gething PW, Patil AP, Tatem AJ, Noor AM et al. (2009). A world malaria map: Plasmodium
falciparum endemicity in 2007. PLoS Med. 6:¢1000048.

Isaacs AT, Li F, Jasinskiene N, Chen X, Nirmala X, Marinotti O et al. (2011). Engineered resistance to
Plasmodium falciparum development in transgenic Anopheles stephensi. PLoS Path. 7:¢1002017.

Isaacs AT, Jasinskiene N, Tretiakov M, Thiery |, Zettor A, Bourgouin C et al. (2012). Transgenic Anopheles
stephensi coexpressing single-chain antibodies resist Plasmodium falciparum development. Proc Natl Acad Sci
USA 109:1922-30.

Ito J, Ghosh A, Moreira LA, Wimmer EA, Jacobs-Lorena M {2002). Transgenic anopheline mosquitoes impaired
in transmission of a malaria parasite. Nature 417:452-55.

Jasinskiene N, Coates CJ, Benedict MQ, Cornel AJ, Rafferty CS, James AA et al. (1998). Stable transformation of
the yellow fever mosquito, Aedes aegypti, with the Hermes element from the housefly. Proc Nat Acad Sci
USA 95:3743-47.

Leach-Kemon K, Chou DP, Schneider MT, Tardif A, Dieleman JL, Brooks BP et al. (2012). The global financial
crisis has led to a slowdown in growth of funding to improve health in many developing countries. Health Aff.
31:228-35.

Legros M, Xu C, Okamoto K, Scott TW, Morrison AC, Lloyd AL et al. (2012). Assessing the feasibility of
controlling Aedes aegypti with transgenic methods: a model-based evaluation. PLoS ONE 752235,

Lindquist DA, Abusowa M, Hall MJ (1992). The New World screwworm fly in Libya: a review of its introduction
and eradication. Med Vet Ent. 6:2-8.

Marshall JM, Pittman GW, Buchman AB, Hay BA (2010). Semele: a killer-male, rescue-female system for
suppression and replacement of insect disease vector populations. Genetics 187:535-51. doi:
10.1534/110.124479.

Mendis K, Rietveld A, Warsame M, Bosman A, Greenwood B, Wernsdorfer WH (2009). From malaria control to
eradication: the WHO perspective. Trop Med Int Health 14:802-809.

Mills A, Lubell Y, Hanson K (2008) Malaria eradication: the economic, financial and institutional challenge.
Malaria J. 7(Suppl. 1):511.

Murray CJ, Rosenfeld LC, Lim SS, Andrews KG, Foreman KJ, Haring D et al. (2012). Global malaria mortality
between 1980 and 2010: a systematic analysis. Lancet 379:413-31.

14

ED_005208A_00181440-00151



Guidance Framework for Testing of Genetically Modified Mosquitoes

Nuffield Council on Bioethics (20147). Exploring ethical issues in biology and medicine. Chapter 4 — Questions
relating to the use of genetically modified crops in developing countries. London
(http://www.nuffieldbioethics.org/sites/default/files/files/GM%20Crops%202%20Chapter%204-
%20Questions%20relating%20to%20the%20use%200f%20GM%20crops%20in%20developing%20countries. pdf
, accessed 25 May 2014).

Papathanos PA, Bossin HC, Benedict MQ, Catteruccia F, Malcolm CA, Alphey L et al. {2009). Sex separation
strategies: past experience and new approaches. Malar J. 8(Suppl. 2):S5. doi: 10.1186/1475-2875-8-52-S5.

Penny MA, Maire N, Studer A, Schapira A, Smith TA (2008). What should vaccine developers ask? Simulation of
the effectiveness of malaria vaccines. PloS ONE 9:e3193.

Phuc HK, Andreasen MH, Burton RS, Vass C, Epton MJ, Pape G et al. (2007). Late-acting dominant lethal genetic
systems and mosquito control. BMC Biol.5:11. doi:1741-7007-5-11 [pii]10.1186/1741-7007-5-11.

Schliekelman P, Gould F (2000). Pest control by the release of insects carrying a female-killing allele on
multiple loci. J Econ Entomol.93:1566-79.

Scott TW, Takken W, Knols BGJ, Boete C {2002). The ecology of genetically modified mosquitoes. Science
298:117-19.

Shepard DS, Coudeville L, Halasa YA, Zambrano B, Dayan GH (2011). Economic impact of dengue iliness in the
Americas. Am J Trop Med Hyg.84:200-07.

Shepard DS, Undurraga EA, Halasa YA (2013). Economic and disease burden of dengue in Southeast Asia. PLoS
Negl Trop Dis.7:e2055.

Thomas DD, Donnelly CA, Wood RJ, Alphey LS (2000). Insect population control using a dominant, repressible,
lethal genetic system. Science 287:2474-76.

Travanty EA, Adelman ZN, Franz AW, Keene KM, Beaty BJ, Blair CD et al. (2004). Using RNA interference to
develop Dengue virus resistance in genetically modified Aedes aegypti. Insect Biochem Mol Biol.34:607-13.

Whitehorn J, Farrar J (2010). Dengue. Br Med Bull.95:161-73.

WHO (2009). Progress and prospects for the use of genetically modified mosquitoes to inhibit disease
transmission. Report on planning meeting 1: Technical consultation on current status and planning for future
development of genetically modified mosquitoes for malaria and dengue control. Geneva: World Health
Organization (http://www.who.int/tdr/publications/documents/gmme-report.pdf, accessed 24 May 2014}.

WHO (2012). Global strategy for dengue control and prevention 2012-2020. Geneva: World Health
Organization (http://apps.who.int/iris/bitstream/10665,/75303/1/9785241504034_eng.pdf, accessed 25 May
2014).

WHO (2013). World malaria report 2013. Fact sheet. Geneva: World Health Organization Global Malaria
Programme (http://www.who.int/malaria/media/world_malaria_report_2013/en/, accessed 26 May 2014).

Windbichler N, Papathanos PA, Crisanti A (2008). Targeting the X chromosome during spermatogenesis
induces Y chromosome transmission ratio distortion and early dominant embryo lethality in Anopheles
gambiae. PLoS Genetics 4:e1000291.

15

ED_005208A_00181440-00152



Guidance Framework for Testing of Genetically Modified Mosquitoes

2. Efficacy evaluation

Summary: Both entomological and epidemiological endpoints may be used to test the efficacy of GMMs in
reducing morbidity and mortality from vector-borne diseases. The entomological endpoint is a reduction in
the likelihood of disease transmission due to mosquito population characteristics, and will be the
predominant outcome measure in phases 1-2 and, possibly, early Phase 3, trials. Because this is difficult to
measure directly, surrogate indicators may be chosen, and these may include vector population size,
transgene frequency, and ability to support pathogen replication and/or GMM fitness, The epidemiological
endpoint is a measurable reduction in the incidence of infection or disease in human populations.
Epidemiological outcomes will be detected most easily when trials are conducted in high-transmission
settings. The specifics of conducting such trials will differ for the malaria and dengue interventions that are
the focus of this document. These differences include the fact that persistent endemic transmission
locations are available for malaria intervention trials, and therefore effects may be observed more rapidly
and uneguivocally than in dengue trials, which are likely to be conducted in locations where transmission is
more heterogeneous and thus less predictable. Cluster randomized trials offer a powerful design for Phase
3 evaluation of efficacy against disease transmission in field trials, Trial designs must take into account the
likelthood of significant seasonal and intercannual variations. Non-inear relationships between
entomological and epidemiological outcomes may also be anticipated. Much of the entomological
monitoring required will employ methods used in any vector-control programme. However certain
monitoring measures, such as phenotypic stability, will be unigue to GMMs. “Go” and “no-go’” criteria for
moving to the next phase of testing should be determined prior to trials. Specific entomological and
epidemiological measures are recommended for each phase of testing.

It is envisaged that GMM strategies will be implemented in area-wide control programmes. These
are conducted over large areas that may include several communities and contain at a minimum the
generational dispersal range of the target species. Area-wide control depends on the treatment of
such large regions for success, particularly in situations where effectiveness of the control measure
will be influenced by the potential for reinvasion. This implementation scale stands in contrast to
interventions such as repellents or nets that are effective at both household and individual levels.
Thus, the scale of testing and exposure of entire populations to GMM interventions have
implications for how trials can be conducted. Preliminary experiments can be conducted in
laboratories and outdoor cages, but testing during phases 1-3 proceeds through increasingly larger
scale (Figure 1.1}, ultimately to open-field releases in which the efficacy of the technology can be
assessed most realistically. The purpose of any open-release experiments should be clear and
experimental protocols should be made available in advance.

While GMM technology has not yet been tested extensively in the field, experience gained from
conventional mosquito control programmes using methods such as indoor residual insecticide
spraying, outdoor space spraying and larviciding can help predict its efficacy. Experience from sterile
insect control programmes on agricultural pests will also be helpful in predicting outcomes, since
population suppression or preventive releases are the most immediate aims of planned genetic
mosquito control. Although conventional insecticidal control is usually not species-specific, its
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effects are similar to self-limiting GMMs in that they are not permanent. This self-limiting nature
provides a degree of intrinsic safety, in that implementation can be halted to mitigate and, possibly,
reverse adverse effects.

This chapter focuses on three key issues of efficacy evaluation: 1) the definition of entomological
and epidemiological efficacy endpoints of GMMs; 2) methodology issues and considerations related
to empirical measurement of efficacy; and 3} empirical measures of efficacy in the four different
development phases. This guidance relates to malaria and dengue vectors, as development of these
applications is currently the most advanced and their biology represents many other vector-borne
disease systems. Other disease vectors also may become targets of GMM control, but details for
determining their efficacy will not be discussed specifically.

Feasible applications of GMMs that will not be addressed in this section include those in which
mosquito control agencies might want to use GMMs against the threat of disease or introduction of
a vector. For example, such a preventative release is used in California and Florida, USA, where
exclusion is accomplished by conventional SIT programmes against Mediterranean fruit flies.'
Powerful population suppression by GMM strategies could find a market against pest mosquitoes in
mosquito control programmes, even where disease transmission is not a major consideration. In
such cases, the entomological outcome of the frequency and scale of target species outbreaks would
be sufficient to demonstrate efficacy. Similarly, the release of GMMs containing drive mechanisms
to spread refractoriness in a population might be used to preclude the onset of transmission. If such
protection were inexpensive, stable and acceptable, it might be implemented with minimal proof of
efficacy against disease.

2.3 Efficacy end points of GMMs

The efficacy measurements of GMMs can be defined by entomological and epidemiological
outcomes. These differ according to the disease, the vector species and the epidemiological
circumstances. Endemic disease situations are common for malaria and the effects of interventions
during trials conducted in such locations may be determined more rapidly than for dengue, which is
often spatially and temporally heterogeneous. These differences, as well as the occurrence of
multiple vectors in one place (particularly for malaria) determine the measures of efficacy that are
appropriate and feasible. Researchers planning trials must consider not only what is ideal, but also
whether field sites are available for determining specific epidemiological outcomes using the most
powerful protocols.

The epidemiological endpoint is a reduction in infection or clinical disease incidence

In trials designed to prove epidemiological impact, reductions may be measured by various means
including infection incidence, clinical disease incidence or prevalence of infection in at-risk
populations. In general, trials designed to detect a decrease in the incidence of infection will be able
to achieve a statistically meaningful result with a smaller cohort size than trials that measure
decreased incidence of disease, since only a subset of those infected may develop overt disease.

1% USDA-CDFA Mediterranean Fruit Fly Exclusion Program: http://www.cdfa.ca.gov/phpps/pdep/prpinfo/,
accessed 25 May 2014.
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Reduced infection incidence is generally expected to result in decreased mortality and morbidity,
although this will not always be the case; for example, during resurgence of disease in a naive
human population, unusually high rates of morbidity and mortality may occur. Multi-year data
collection may be required to demonstrate positive effects where disease is epidemic, highly
variable from year to year or of low prevalence. Pre-existing immunity to pathogens and viruses also
may influence measures of efficacy and must be considered in the experimental design.

The entomological endpoint is a reduction in the likelihood of disease transmission due to
mosquito population characteristics

The entomological measure of transmission {also called “force” or “intensity”) due to mosquito
population characteristics is the entomological inoculation rate (EIR). EIR describes the degree of
infection risk that a human population is exposed to for a particular disease as determined by
assessing the vector mosquito population. EIR would be a distribution of frequencies of infectious
bites over time for a range of people with different demographic characteristics in the area. A
control programme would shift this distribution to a lower mean frequency, but the shift might be
more or less for different demographic groups. EIR is influenced by several factors that are specific
to the geographic area, including climate, bionomics of local vectors and sociceconomic factors.
Accurate measures of EIR are most easily made when the prevalence of a pathogen is high —
hyperendemic disease transmission scenarios — and most difficult when prevalence is low or in
epidemic situations. It should also be anticipated that the level of disease transmission might change
during trials for reasons unrelated to the trial itself, unusual weather that affects vector abundance
being the most common influence. Researchers designing the trial should prepare for such
eventualities by proposing variations of the protocols during the planning phase and considering the
need for adaptive management during the trial (assuming this is acceptable to regulatory
authorities). The EIR varies widely in time and space in regions of epidemic transmission, and its
direct determination will seldom be feasible. In practice, its measurement requires analysis of field-
collected mosquitoes — often in large numbers and over long periods of time — for the presence of
infective pathogens, so it can be determined only in the presence of at-risk human populations.

While a measured reduction in the EIR is the most desirable of entomological outcomes,
demonstrating this will be difficult or impossible during confined Phase 2 and many Phase 3 trials.
This difficulty will be particularly great when there is the potential for substantial heterogeneity in
transmission, as is common for dengue. Furthermore, it is anticipated that ideal testing locations for
GMMs will be chosen in part for their confinement characteristics (ecological or physical islands),
and the number of vector species present. These specifications will limit further the range of
transmission scenarios and specific field sites that are available.

For these reasons, it is necessary during phases 1 and 2 to infer reductions in EIR by surrogate vector
indicators that contribute to the EIR. These may include daily survival, changes in absolute density,
altered propensity for feeding on humans, frequency of anti-pathogen effector genes and intrinsic
competence for developing infection. These indicators can be measured directly or calculated from
measurable data, e.g. the realized frequency of an anti-pathogen effector phenotype in a population
or the rate of spread of a transgene. The specific characteristics of GMMs must also be considered in
determining which indicators will be most useful to measure. For example, the frequency of GMMs
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that suppress populations in part by providing larval competition before the lethal effect occurs may
have different effects on adult abundance from GMMs that produce no progeny. Therefore,
monitoring larval transgene frequency and egg number have predictive value but hatching rate is

less diagnostic.

Beginning in Phase 2, feeding of mosquitoes using blood from infected persons in contained
conditions may provide a useful indicator if the GMMs are expected to have reduced intrinsic
competence to support pathogen replication. Such tractable measures then can be used to
parameterize models to predict the potential effect on EIR under various transmission conditions.
Carefully measuring these during phases 1 and 2, and integrating the outcomes into transmission
models, is an essential part of predicting efficacy. Use of surrogate efficacy measures may be
necessary even during Phase 3, and will help to determine the need to move to large trials for
epidemiological endpoints.

2.4 Empirical measures of GMM efflcacy
Trials must be designed to allow measurable reductions in the incidence of infection

The measurable epidemiological outcomes, reduction in the incidence of infection or disease in
human populations, are few relative to the various GMM technologies that may be undertaken to
accomplish them. Therefore, considerations for measuring these outcomes are discussed before
proceeding to the variety of entomological measures and considerations of efficacy that will apply to
population suppression and replacement strategies. Differences in detection and transmission
dynamics between malaria and dengue will be discussed separately after commonalities are
described. The endpoints for either disease in the context of GMM applications are similar, but the
means by which these can be measured differ.

A statistically sound epidemiological trial design must be selected

The cluster randomized trial, (Hayes et al., 2000), in which groups of people are evaluated (as
opposed to individuals), is anticipated to be the most powerful design for detecting the efficacy of
GMM applications in Phase 3 trials when an epidemiological outcome will be measured (Wolbers et
al., 2012). Longitudinal studies with enrolled cohorts are recommended to determine infection
incidence. Passive case detection may be implemented for each cluster to determine the effect on
clinical disease incidence; however active case detection is preferred whenever resources are
available. The most accepted malaria'’ and dengue fever' case definitions should be used. Good
clinical practice (GCP) should be followed (EMA, 2002).

Careful site selection increases the likelihood of detecting significant results

" Centers for Disease Control and Prevention. National Notifiable Diseases Surveillance System (NNDSS).
Malaria 2010 case definition:

http://wwwn.cdc.gov/nndss/script/casedef.aspx?CondYriD=759& DatePub=1/1/2010%2012:00:00%20AM,
accessed 25 May 2014,

'2 Centers for Disease Control and Prevention. Dengue. Clinical description for case definitions:
http://www.cdc.gov/dengue/clinicalLab/caseDef.html, accessed 25 May 2014.
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Detecting statistically significant reductions in epidemiological measurements would require a large
number of clusters that may not be feasible in sites with low infection or incidence of clinical
disease. Therefore, particularly for malaria, which often occurs at high EIR, trials in endemic areas
are recommended. It is considered likely that a GMM intervention that is effective in an endemic
area will also be effective in lower transmission conditions although the reverse cannot be assured.
Phase 2 and 3 trials should aim to detect an effect in one transmission season. Because dengue and
malaria transmission vary from year to year, multi-year trials may be necessary to ensure that both
low- and high-transmission years are included in the study.

Mosquitoes disperse locally, but long distance movement by malaria and dengue vectors unaided by
human activities or large weather events has not been observed (Service, 1997). However,
movement of mosquitoes can confound the interpretation of releases and prevent a positive trial
outcome both by immigration of wild mosquitoes and emigration of GMMs. When wild mosquitoes
move from untreated areas into treatment areas, the degree of sexual sterility or increase in
transgene frequency will be reduced relative to that that would be achieved in closed populations. In
contrast, a self-sustaining drive mechanism with intergenerational effects may spread a gene well
beyond the site of introduction and contamination of control areas must be prevented or
accommodated in the trial design. Therefore, effects will be demonstrated most easily when
repopulation of treatment areas by untreated wild mosquitoes and dilution of the GMM is
minimized by strong isolating factors. If the GMM is a rapidly self-limiting one, separation by two
kilometres will probably be sufficient (Service, 1997), but if a self-sustaining GMM is being tested,
separation distances must be greater in proportion to the expected rate of drive. Thus, the clusters
for both types of technologies must be sufficiently isolated so that the GMMSs are confined to, and
excluded from, experimental and control clusters, respectively. Physical or ecological islands, or
sufficient geographical distances, may prevent results from being confounded by inadvertent cluster
contamination. Measurements of dispersal (commonly determined directly by mark-release-
recapture or estimated from population genetic studies) and previous studies can guide the
selection of conditions that provide sufficient isolation for various GMMs, and these must be
confirmed prior to trials. GMMs that contain genes encoding visible markers such as fluorescent
proteins can be distinguished easily from wild-type mosquitoes. Large-scale gene amplification
technologies to detect a molecular marker are also feasible. Other temporary markers such as
fluorescent powders can also be useful to distinguish dispersal when populations already include
GMMs.

Ongoing disease control measures must be considered

Phase 2 confined-field trials and Phase 3 open-field trials will probably use GMMs as a part of an
integrated vector management (IVM) programme. Therefore, the effect of ongoing control
measures on the outcomes of the GMM trials must be considered. It is neither experimentally
necessary nor ethically acceptable to test GMMs under conditions in which ongoing vector control
activities are not continued. Therefore, site evaluation should include entomologically and
epidemiologically similar field sites in which the same standard of care is being applied. Likewise, it
also is necessary to continue any control activities being conducted when CRTs begin and to ensure
that they are applied uniformly across sites. A change in the use of conventional control methods
during testing could change the transmission dynamics on which trial design was based. For
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example, this might be the case if those living in the trial site stop practicing other avoidance
measures because they perceive a diminished threat. Thus, there are both scientific and ethical
reasons to ensure that the trial is understood to be a research effort with no guarantee of protective
effect. Alternatively, such a change could occur if a new control measure is introduced into routine
use at the trial site, so it is important to coordinate as closely as possible with the regional vector
control programme during trial planning and implementation.

GMMs are expected to be compatible with conventional control measures unless those measures
exploit some weakness peculiar to the GMMs (Alphey et al., 2010). For example, if high levels of
insecticide resistance occur in wild populations and the GMMs are susceptible, then continued use
of the specific insecticide(s) to which the wild population is resistant will disproportionately affect
GMMs and diminish or nullify their effects. Therefore, considerable thought should be given to the
phenotypes of wild mosquitoes and GMMs, the control measures that will be applied for CRT site
selection, and potential vector control mitigation before making final choices.

Attention should also be given to ensuring that no major differences exist in individual human
behaviour between clusters or trial sites that may affect the intervention (WHO, 1997) e.g. the use
of personal protection measures (including mosquito nets), the domestic use of insecticides,
occupational exposures, and migration and human movement between treated and untreated
communities. Information may be obtained through interviews that may be supplemented by direct
observation (e.g. of anti-malarials, bed nets or insecticides available in the home). For lengthy trials,
consideration must be given to the potential that new control measures (e.g. vaccines) may become
available, and decisions made in collaboration with public health officials about how such a situation
might be handled.

Comparative efficacy between GMM and conventional vector control

Ultimately, GMMs may be considered as a substitute for conventional vector control (e.g. insect-
treated bed nets — ITNs — indoor residual spraying — IRS — or environmental management) if there is
evidence that such modification may be more cost-effective or more environmentally favourable
relative to existing control measures. Alternatively, GMMs may be combined with conventional
vector control if the methods are complementary and synergistic effects are anticipated. The
synergistic effect of combinations of two vector control methods can be determined if one
treatment area is subject to both methods and the control area utilizes only conventional vector
control. To compare the efficacy of GMMSs and conventional vector control, a Phase 3 trial design
should include GMMs as one arm and conventional vector control as the other arm. However,
design of such comparison trials must be considered carefully to ensure that the population in the
GMM arm is not subjected to unnecessary risk in the absence of standard control methods. Such
trials should be justified by adequate prior demonstration of GMM efficacy. Phase 3 entomological
and epidemiological endpoints described above should be measured. An appropriate number of
clusters should be used to allow sufficient statistical power to detect differences. Cost-effectiveness
analysis of GMM or conventional vector control, or a combination of the two methods, should be
performed.

Special considerations for trials of dengue interventions
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Since dengue transmission is highly variable, it is likely that trials must be conducted on large spatial
and temporal scales, with large numbers of clusters, in order to detect an epidemiological effect.
Large reductions of normally high transmission could easily be measured. But, more typically, even a
GMM trial that completely eliminates transmission might need to extend over several years to
provide sufficient statistical power to conclude efficacy. GMM technologies are designed to reduce
the likelihood of transmission for people within the area under management, rather than treat
individuals within it. Thus, the area should be large enough so that large numbers of individuals are
not being exposed routinely to unknown risk of infection when travelling outside their respective
control or treated area, which could confound interpretation of trial results. Ideally, trial planning
will include methods to allow individuals becoming infected outside of the trial area to be identified
so that their contribution to incidence can be discounted. The trial plan also should anticipate
variation in transmission levels that may necessitate changing the scope of the trial (for example,
Phillips-Howard et al., 2003).

A reduction in the incidence of clinical disease may be a possible measure of efficacy when dengue
transmission is high. An alternative method, which is likely to be more feasible, given the expected
heterogeneity of transmission, will be to measure the frequency of individuals positive for dengue
antibodies in blood samples (Endy et al., 2008). In areas where the incidence is low, reduction in
dengue virus-specific IgM** and/or 1gG™* antibodies obtained by sero-survey can provide an effective
epidemiological endpoint. Performance of serological plague reduction and neutralization assays in
a longitudinal cohort trial, accompanied with active surveillance for virus recovery on a subgroup of
people with clinically-apparent infection, may allow more accurate information on dengue risk. The
need to evaluate impact on the four different dengue virus serotypes must be kept in mind.

Where regional dengue transmission is due to a single vector species, if GMMs are effective, and
achieve and maintain local elimination of that vector, then it may be unnecessary to demonstrate
epidemiological outcomes as a determinant of GMM efficacy. In such a case, vector elimination can
be used as the efficacy measurement. However, vector abundance reduction does not necessarily
translate directly into reduction of dengue incidence, as transmission has been observed in the
presence of low apparent numbers of mosquitoes. Determination of the threshold of vector
abundance reduction required to achieve significant reduction in dengue disease incidence requires
epidemiological modelling and empirical studies, and such threshold vector densities may vary
between geographical localities. In the case of vector population replacement by GMMs,
measurement of infection or disease incidence reduction relative to untreated controls, despite
being costly, may be necessary to provide high confidence in the efficacy of this novel GMM
strategy.

Special considerations for trials of malaria interventions

The high levels of malaria transmission encountered in much of sub-Saharan Africa mean that
measuring epidemiological outcomes may be relatively easier for malaria than for dengue. However,
designation of epidemiological endpoints for malaria must take into account the multiplicity of
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vector species and, to a lesser extent, parasites. ldentifying appropriate trial sites may be
challenging. Efforts should be made to find sites matched for human demographics and disease
patterns, and to ensure sufficient confinement to satisfy the requirements of RA and trial design.
The number of vector species responsible for transmission and their ecological interactions must
also be considered.

Several methods are available for malaria diagnosis.”> Historically, the “gold standard” has been
microscopic examination of blood smears. However, many rural clinics lack necessary microscopes
and trained personnel for malaria diagnosis. Consequently, the non-microscopic rapid diagnostic
tests (RDTs) have become popular in various endemic settings. Many malaria RDTs are available
commercially from several manufacturers.'® The specificity of the tests is variable; some can only
detect P. falciparum, while others also can detect non-P. falciparum infections. For applications
under field conditions, RDTs must be stable, simple to use, easy to interpret, and sensitive to clinical
malaria cases. The commonly recommended lower detection limit for P. falciparum infection is ~100
parasites/pl of blood. The specific RDT for malaria diagnosis used in a trial must be selected carefully
and evaluated thoroughly according to WHO guidelines.

Most malarious areas contain one or two dominant vector species, and it may be difficult or
impossible to restrict testing of GMMs to sites containing only the target mosquito. If single-vector
sites are used for trials, the results may not be generally applicable. However, it is clearly not
feasible to determine epidemiological efficacy accurately during phases 2 and 3 by targeting a single
species when it is well established that numerous other vectors of the same pathogen are present
and are sufficiently abundant to maintain high levels of transmission.

Experiments and modelling should be conducted prior to GMM field testing to determine in which
seasons and ecological contexts the GMMs have a reasonable chance of affecting epidemiological
outcomes. For example, preliminary experiments or historical records may reveal the contributions
of individual vector species to the overall disease transmission levels. While these are often
considered additive, each species’ contribution may not conform to such a simple relationship,
especially when the efficiency (vectorial capacity) of one key vector species is much higher than
others. Furthermore, there is a possibility that suppression of one target species could cause niche
replacement by other, closely related vector species. Interpretation of epidemiological outcomes by
GMMs in multi-species sites requires caution. These issues should be anticipated as early as
possible, and factored in to the choice of target species in GMM design and selection of trial sites
when entering into field testing.

Entomological efficacy must be determined in the context of the anticipated use of the GMM
technology

Few GMM interventions will be implemented in isolation, thus their performance will be determined
best in the presence of other anticipated control measures. Indeed, it is an accepted procedure to
conduct efficacy trials for new products in the presence of the standard of care for disease control in
the area. If the anticipated use of GMMs is to further reduce or eliminate populations that have

> WHO malaria diagnostic testing: http://www.who.int/malaria/areas/diagnosis/en/, accessed 25 May 2014.
16 WHO/TDR malaria rapid diagnosis work: http://www.wpro.who.int/sites/rdt, accessed 25 May 2014.
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been suppressed by seasonal depression or conventional methods, then the efficacy of the GMMs
should be evaluated in that context. If the intended use of GMMs is to replace the conventional
control methods, the cost-effectiveness and reliability of the GMMs needs to be compared with
these methods. The reliability of the GMMs as a component of the suite of interventions is a central
consideration. Particularly for developing countries, GMMs that are highly effective under ideal
circumstances will be less attractive if they perform poorly when logistical, management or
ecological difficulties arise and are common. The ability to provide for the ongoing cost of an
intervention should be a consideration.

The specific experimental designs to be used may vary widely according to the specific mosquito,
study site and country, and the progression of experiments from the laboratory to the field will
require reconsideration at each stage. When possible, the validity of a specific experimental design
should be assessed during the process of peer review. In non-academic circumstances where
funding does not ordinarily require peer review, independent review by experts is highly
recommended.

Surrogate endpoints must be chosen for early phase testing

GMM strains are built for specific circumstances where their potential for reducing EIR has been
investigated and predicted with mathematical models. These models highlight key performance
characteristics that then can be measured in the laboratory to the necessary precision as a first
approximation of field performance. The performance characteristics vary with the specific strategy
but include population suppression, appearance of sexual sterility, mating competitiveness, spread
rate and frequency of a transgene in a population, and appearance of a particular phenotype.
Measurement of entomological surrogate indicators for EIR requires close supervision and dedicated
well-trained staff. In the case of self-limiting population suppression, vector abundance and its effect
on EIR are the most direct measures of entomological efficacy and there are standard methods
available to determine them (WHO, 1975; Silver, 2008).

During the course of the trials, experimental outcomes should be used to redefine the parameters of
the intervention’s computer models. These changes may require alterations to the trial design or the
outcomes that can be expected. Model performance should also be monitored during the trials to
determine whether its predictions are validated by trial observations. Stakeholders and regulators
should also be clearly informed on how modified model predictions may affect trial conduct or
continuation.

The influence of seasonal and inter-annual variations on trial design must be considered

Seasonal and inter-annual variations in climatic conditions and other intervention measures that
affect vector abundance, species composition, transmission intensity and disease incidence are
common. Phase 2 GMM trials that involve small-scale ecclogically confined field releases, and Phase
3 testing that involves large-scale open-field releases, should take these variations into consideration
to ensure experimental success and to enable the results to be generalized.

Self-limiting population reduction GMMs will require regularly scheduled releases, and within a
short-term trial a reduction of the population size could be a fortuitous characteristic of a specific
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season alone, but one that might not be repeatable. Multi-year evaluations would provide more
robust assessments of both the climate and co-intervention effects, as well as an idea of how the
intervention effect varies as a function of annual medium-term variations.

Population replacement in which a gene drive system is involved may take several years after
repeated releases to increase the frequency of refractory alleles to an effective level. In this case,
mathematical modelling should be conducted to predict the necessary trial duration for evaluating
efficacy. Uncertainties, assumptions and unknowns in disease transmission models and vector
bionomics should be transparent, and a variety of models and scenarios should be considered,
model parameter uncertainty explored, assumptions tested and model predictions validated at each
stage.

Non-linear relationships between entomological and epidemiological outcomes can be expected

The simplest outcomes to measure when GMM sterile-male methods are used are reductions in
female fertility. This is typically determined by a direct measure of the number of larvae produced
per female, and can be performed using laboratory-reared mosquitces or by obtaining eggs from
blood-fed field-collected females. While it may seem that increases in sterility would lead to
reductions in adult populations, there is seldom a direct relationship due to the dynamic nature of
larval competition. Two kinds of effects are expected: (1) negative density dependence®’ (Juliano,
2007; 2009) is common and will tend to dampen the initial effects of reduced fecundity on adult
population sizes. These interactions mean that different GMM self-limiting male sterility approaches
will perform differently (Yakob & Bonsall, 2009). (2) Over-compensation®® under some circumstances
may cause increases in the adult population size when larval density decreases. Both of these effects
occur due to competition for food in larval sites. Knowledge of the population dynamics as
determined by larval abundance would be a useful predictor of the levels of releases and sexual
sterility that will be necessary in order to realize particular levels of population suppression.
Ecological studies prior to releases should be performed to determine the characteristics of sites and
predict the usefulness of GMM interventions.

Reductions in vector abundance or increases in refractory transgenes to a high frequency should
lead to a reduced EIR. In the particular case of malaria in hyperendemic areas, this desirable
entomological outcome is expected to result in reduction of disease only when EIR falls below a
threshold necessary to maintain transmission, often cited as one infective bite per year (Shaukat,
Breman & McKenzie, 2010). In such areas, a substantial reduction in transmission intensity by the
GMMs or combination of interventions will probably be needed to demonstrate an epidemiological
impact.

Entomological monitoring unique to GMMs

Most of the characteristics used to monitor GMM functionality are not unique to the technology.
Methods to evaluate these characteristics have been developed and are used routinely to gather

v Population regulation in which increased population density reduces its rate of increase. In this case, adding
more immature individuals to a population does not proportionally increase the number of adults.

1 Population regulation in which reductions in some stage of the population actually increase population size,
e.g. by improving survival to adulthood.
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entomological data. These include determining adult abundance, host preference and/or the ability
to develop and transmit parasites or viruses. These and other biological characteristics should be
catalogued thoroughly during GMM testing. GMM production should utilize standard operating
procedures (SOPs) and good manufacturing practices (WHO, 1992). Reproducible life history and
phenotype can only be expected if the mosquitoes are reared and maintained using standardized
procedures.

Molecular properties

A thorough description of the GMM describes the transgene components, genetic background and
novel phenotypes. This description allows preliminary assessment of the GMM itself and
observations of changes in salient features, including the transgene sequence, its insertion site and
strain background. The description of the GMM should include information about the strains that

contributed genetic material.
Phenotypic stability

Among the few characteristics of GMMs that are unlike those monitored for typical entomological
surveys, phenotypic stability is paramount and is a strong determinant of efficacy. This can be
evaluated by answering several questions: does the mosquito exhibit the design characteristics in
both laboratory studies and field simulations? If the phenotype is not fully penetrant' but the
transgene is stable, what effect on its efficacy and fitness do models predict? It will be possible to
measure stability in increasingly realistic GMM trials as they move forward through the phases;
however, the process should begin in Phase 1. The genetic diversity of the mosquitoes and
pathogens with which the GMMs interact, and the environmental variations, will increase and may
reveal novel variations in phenotype expression as advanced phases of testing become more
realistic in Phase 2 and Phase 3 trials. Such measurements should continue periodically in the
context of a post-implementation surveillance (Phase 4).

Variations in expression of a transgene should be quantified so that significant deviations in novel
environments can be detected. It is particularly important to determine whether the phenotypes
that have been measured in stable laboratory environments are consistent when, for example,
temperature variations are experienced. Similarly, laboratory evaluations should include transgene
expression in aged individuals and in a variety of genetic backgrounds. If expression of the
phenotype is conditional on some environmental factor, the effects of variation in the presence of
that factor should be examined.

Loss of phenotypic expression can result even in the absence of transgene mutation and can
negatively affect efficacy. Evolution of resistance to a transgene effector can occur either in the
GMM strain itself {(phenotypic drift or gene interaction) or in the target mosquito population
following lengthy exposure. As with resistance to insecticides, this is extremely difficult to predict
with high certainty from small laboratory studies, but one can measure pre-existing resistance in the
target population and then monitor the phenotype in the field over time. As is evident with

Y The transgene phenotype is predictably absent in some proportion of the individuals in a population despite
the transgene being present in an unmodified form in all individuals.
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insecticide resistance, it is not the appearance of resistance but its frequency that mitigates the
usefulness of the intervention. The likelihood of such resistance and its consequences should be
considered thoroughly and measures put in place as part of the trial plan to prevent (if possible),
detect and respond to it. Preliminary laboratory examination of the likelihood of resistance arising
may in some cases be possible and this consideration should be part of the early RA (Section 3.
Biosafety). As described above for instability related to mutation, these effects can be expected to
become more evident during phases 2 and 3. Measuring such effects should be intensified beginning
with confined Phase 2 trials while unanticipated effects can be restricted in time and space. The
pathogen also has the potential to develop mechanisms for evading refractoriness of GMMs in the
case of population replacement. Thus, during phases 3 and 4, refractoriness of GMMs to pathogen
should be carefully monitored.

Fitness

“Fitness” of transgenic mosquitoes has been the subject of much study and discussion (Catteruccia,
Godfray & Crisanti, 2003; Irvin et al., 2004; Moreira et al., 2004; Marrelli et al., 2006; Li et al., 2008;
Amenya et al.,, 2010; Isaacs et al.,, 2012). While this is a characteristic relevant to long-term
population trends, it is of less relevance to self-limiting population suppression strategies: the
mosquitoes used for the latter approaches have reduced fitness by design. What is relevant is their
ability to suppress wild populations and, for GMMs intended to have a multigenerational effect (sex-
ratio distortion®® or inherited sex-specific sterility), the duration of the suppressive function. One
measure of the maximal rate of effect on population suppression is the mating competitiveness
value (Fried, 1971). It indicates (usually on a 0-1 scale) the relative frequency of mating of a male in
guestion (in this case, GMMSs) when in competition with a reference wild-type male. However, there
is no absolute value of competitiveness that precludes the use of a strain since even very low-value
insects {e.g. 0.2 for Med fly) can effectively suppress populations if sufficient numbers are released.
Nonetheless, measuring competitiveness, longevity and the duration of effect will provide indices
that determine the necessary scale of releases and their efficiency and are, therefore, important for
strain efficacy evaluation.

In contrast, the fitness of the GMMs used in population replacement and self-sustaining approaches
is critical, specifically, the effect on fitness due to the transgene expressing the desired phenotype.
The designed effect is not population replacement per se, but rather the introgression of a
transgene causing a phenotypic change into an otherwise wild mosquito population. After release,
recombination between the transgene and the wild genome will occur at rates determined in large
part by the presence of natural inversions and homologous pairing. Therefore, the fithess of
repeatedly out-crossed mosquitoes must be measured. Assuming that a transgene is in a drive
system, the loss of fitness and reduction in gene frequency due to the transgene must be compared
to hyper-Mendelian inheritance rates®’ due to the drive mechanism. Models can be used to predict
the ranges of fitness and drive that will permit transgene spread. When a gene drive system is

20 Changing the sex ratio among progeny from the typical equal numbers of males and females to progeny
consisting largely of males.

! An individual heterozygous for a transgene will produce progeny that are 50% transgenic in a normal non-
drive system. Hyper-Mendelian inheritance is expected in drive systems, and these individuals produce > 50%
transgenic progeny.
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implemented to achieve population replacement and self-sustaining strategies, the frequency of the
functional gene in mosquito populations into which the GMM has been released is the ultimate
measure of this balance. While such measures can be used to refine efficacy predictions in Phase 1
testing, Phase 2 and 3 trials are necessary to develop final measures. This is because the activity of
the transgene can be expected to differ depending on the genetic backgrounds in which it occurs.

A reduction in the EIR is the ultimate result of successful self-sustaining approaches. Even these
kinds of GMMs are likely to require multiple releases over a large area and for long enough to
establish the transgene at a frequency in the population high enough to achieve the desired effect.
When a GMM is implemented by such multiple releases, it is of little value to conclude effectiveness
based on more limited trials. For some interventions, this will necessarily increase the scale of
testing required before the potential of the technology can be assessed — a requirement that should
be taken into account in RA.

independent verification of results will increase confidence

All novel vector interventions are open to critical scrutiny until their value has been demonstrated.
Similarly, trials of GMMs may be controversial, and even positive results may be questioned if the
research team involved is the only one to document the methods and results. Research teams
should strongly consider establishing an independent monitoring body to validate and interpret the
results, as is routinely the case for clinical trials:

An independent Data and Safety Monitoring Board (DSMB), including a clinical monitor should be
appointed for the trial (see Smith and Morrow, 1996). This should be an independent group that can
testify that the trial protocol has been properly followed and that relevant quality control
procedures have been operating for the duration of the trial. This Board should be set up before the
trial begins rather than once it has started, as unfortunately is often the case (also trials in which
this has not been done have often been those which have given rise to greater controversy). (WHO,
1997.)

Methods to ensure transparency and independent validation of results should be considered during
the trial design, but careful thought should be given to whether a DSMB is necessary for trials that
do not include epidemiological outcomes. Simpler but widely accepted” alternatives (i.e. an
independent monitor or an oversight panel) may be designed for entomological outcome trials,
which could be tasked with particular activities that are a subset of the full trial audit but whose
scope is adequate to maintain independence and validation. The expertise of those chosen for this
role must adequately represent the knowledge to understand and analyse trial conduct and the
appropriate trial outcomes such as vector ecology, behaviour, and population genetics and biology.
The selection of individual(s) for this task should be a transparent process. They should not only
provide the appropriate expertise, but should also be free of conflict of interest on the trials’
outcomes.

Zror example, the National Institute of Neurological Disorders and Stroke (NINDS) guidelines for data and
safety monitoring in clinical trials:

http://www.ninds.nih.gov/research/clinical_research/policies/data_safety _monitoring.htm, accessed 25 May
2014,
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“Go” and “no-go” criteria must be determined prior to trials

Transition from the laboratory to the field should always be planned with clearly stated performance
milestones at which point the project either proceeds to the next level, moves sideways to
determine whether the unmet milestone is due to an artifact or experimental design issue, or the
trial is discontinued. For cage studies where population suppression or an increase in transgene
prevalence is the goal, the researchers must establish clear ranges of performance that warrant
proceeding. The oversight panel should independently assess these performance standards.
Performance ranges can be informed by modelling the GMM performance characteristics that must
be met in order to achieve the desired outcome in the anticipated ecological and geographical
context at the next (initially entomological) level of testing.

The consequences of trials become greater as they move from physically confined to ecologically
confined and open-field release. Monitoring to detect adverse effects must increase accordingly.
Whereas under physical confinement, unproductive effort will likely be the only “hazard” of
unnecessarily extended trials, human and environmental hazards must be evaluated as GMM trials
move to field release. These challenges are discussed in Section 3: Biosafety.

There are four definite “no-go” points relative to both efficacy and safety criteria: 1) unanticipated
disease transmission outcomes linked to the experiments; 2) an unanticipated environmental harm
results from the experiments; 3) political or social opposition or unrest prevents the safe
continuation of the trials; and 4) the phenotype of the GMM deviates significantly from the one
intended. Depending on the technology, the fourth example could include: loss of sexual sterility,
high rates of refractoriness failure, or deviations from expected sex ratios. In addition to a no-go
trigger, remediation plans should be in place for such events (Section 3. Biosafety).

Iif no negative effect on human health or environmental quality is determined to result from
unsuccessful trials, assessment by the relevant national authority and donor of the value of
proceeding will determine whether the project should continue. It is common for sterile insect
technigue programmes to evolve methodologically during production and release start-up, so initial
failure is surprising. The technology developers may make a persuasive case that failures were due,
for example, to mosquito production failures, or unusual weather or implementation problems. In
such a case, lack of efficacy does not require a no-go decision, but could preclude moving to the next
phase until the cause of the failure is clarified and corrected.

2.3 Becommendations for efficacy measurements at different GMM testing
phiases

The final section of this guidance presents some recommended experimental activities for efficacy
evaluation of GMMs in different testing phases. It is likely that GMMs will be used in the absence of
other control methods in Phase 1 and large out-door cage testing of Phase 2. Conventional
experimental approaches involving direct comparison between GMM cages and control cages with
random treatment assignment may be used. In this case, only entomological measurements can be
made and, thus, the primary objective should be the potential for reducing transmission intensity as
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indicated by entomological surrogates. A sufficient number of replicates should be used to detect
the expected difference in the entomological outcomes between GMM and control cages.

Efficacy measurements will vary depending on the intended effects of GMM strategies and testing
phases. It is expected that measurements of epidemiological outcomes will not be undertaken until
entomological outcomes clearly predict a reduction in the EIR. For example, transmission intensity
cannot be measured in Phase 1 testing in a small-scale laboratory setting or in larger population
cages. Instead, transgene phenotype stability, population reduction, and transgene spread and
frequency are feasible, and are meaningful indicators of GMM efficacy. These must be considered
within the context of the disease transmission setting in which the GMMs will be tested and/or
deployed.

Initially only entomological outcomes will be possible to measure: many of these must be monitored
throughout the phases of development. As testing moves to settings in which humans are, or may
be, present, increased attention to epidemiological outcomes must be added. For example, for
GMM strategies aimed only at population suppression, including self-sustaining sex-ratio distortion
or sterility factors, one can measure vector population reduction or sex ratio during phases 1 and 2
(physical confinement) and it will only be possible to add measures of transmission risk after field
releases commence. Alternatively, initial GMM strategies aiming at population replacement will only
be able to use measurements such as transgene stability and frequency before adding EIR reduction
in later phases.

The following section catalogues typical measurements and designs that should be considered to
determine efficacy. Additional recommendations for conducting Phase 1 and Phase 2 physically
confined trials of GMMSs with a gene drive system have already been published (Benedict et al.,
2008). The priority of various activities will change as experience and knowledge about performance
characteristics in diverse settings is gained, but thorough strain description is an important activity
to begin early in development regardless of the GMM type.

Phase 1. Laboratory population studies

Only entomological outcomes can be determined in Phase 1. Pathogen interactions can, however,
be measured.

e Basic description of the transgene, including its sequence, insertion site, phenotype and
inheritance. This information will be used during phases 2 and 3 to confirm the GMM’s
characteristics.

¢ Stability of the transgene and its phenotype.

¢ Life-history characteristics in controlled environments.

¢ Mating competitiveness against laboratory mosquito strains.

*  Frequency of GMMs that express the desired characteristic and the level of expression.

¢ Capability to host and transmit pathogen isolates.

¢ For drive systems, rate of spread of a transgene in laboratory cage populations.

¢ For population suppression strategies, rate of suppression in laboratory cage trials.
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¢ Mating frequencies and egg hatching rates within the strain and in crosses to laboratory
strains.

*  GMM release simulations in large indoor cages.

¢ Modelling effects anticipated in wild populations.

¢ Establishment of SOPs for GMM production and release.
Phase 2. Physically and ecologically confined field trials

Physically confined, or “contained,” refers to trials performed in large outdoor cages from which
escape is highly unlikely due to physical barriers and special procedures. Such trials allow rapid
termination and simple detection of escapees. “Ecologically confined” refers to those trials
conducted in delimited areas from which escape is unlikely due to some ecological or geographical
isolating factor. These include ecological or physical islands. Regulators will determine whether both
types of trials are necessary, a decision that may be determined more by safety rather than by
efficacy considerations. Epidemiological outcomes may begin to be measured in confined release
trials, although, for the reasons explained above, this will be uncommon due to the small scale of

the trials.
Entomological activities in physical confinement

¢ Mating competitiveness against mosquito strains having a wild*® genetic constitution.

* Frequency of GMMs that express the desired characteristic and the level of expression in
strains containing wild genetic background.

¢ Capability of GMMs containing local wild genetic constitution to host and transmit local
pathogen isolates.

e For drive systems, the rate of spread of a transgene in cage populations containing wild
mosquito isolates and compared with Phase 1 predictions.

¢ For population suppression strategies, the rate of suppression against wild mosquitoes in
cage trials.

¢ Egg hatching rates in crosses to wild mosquitoes.

¢  GMM release simulations in large outdoor cages.
Entomological activities in ecological confinement

¢ Establishment of go and no-go criteria.

¢ Compatibility with other mosquito control measures.

¢  Measures of GMM dispersal.

¢ Baseline studies of vector composition and abundance.

e For drive systems, the rate of spread of a transgene in wild populations and comparison with
predictions from Phase 1 and Phase 2 physical confinement.

¢ Measures of transgene functionality and mutation rate.

* For population suppression strategies, the rate of suppression against wild mosquitoes.

2 “Wild” refers here to a colony of mosquitoes isolated recently from the target population or a sample
actually collected from natural populations and used without colonization. Such colonies are genetically more
similar to natural mosquitoes than highly inbred laboratory strains.
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¢ Randomized treatments of similar trial sites.

¢  Model refinement based on Phase 2 entomology and epidemiclogy observations; estimation
of impact on EIR.

e For population suppression strategies, refined measures of relationship between sterility and
population suppression.

Epidemiological activities in ecological confinement

¢  Measures of the ability to sustain development of local pathogen isolates as an indication of
potential for transmission.

Phase 3. Staged open-field releases

Phase 3 is likely to begin with limited releases intended to understand the delivery requirements and
functionality of GMMs under different circumstances, such as different ecologies, mosquito
demographics and seasons. Large trials to determine epidemiological impact should only be planned
after this information is at hand, as it will be necessary for trial design and interpretation. It is
recommended that randomized cluster trials be included in the design for late Phase 3.

Entomological activities

¢ Compatibility with other mosquito control measures.

¢ Direct measures of EIR when possible.

¢ Baseline studies of vector composition and abundance.

¢ For GMMs with drive systems, the rate of spread of a transgene in wild populations and
comparison with Phase 1 and Phase 2 model predictions.

¢  Measures of transgene functionality, phenotypic stability and mutation rate.

¢ Measures of GMM dispersal.

¢ For population suppression strategies, the rate of suppression of wild populations.

¢ Model refinement and validation based on Phase 2 entomological and epidemiological
observations.

¢ For refractory GMMs, measures of native pathogen development and transmission in
progeny from natural matings of the GMMs to wild mosquitoes.

¢ Methods for measuring or estimating GMM frequency and cross-species gene transfer and
consideration of how long these activities should continue (Section 3. Biosafety).

Epidemiological activities

¢ Disease incidence/prevalence studies during intervention trials.
e Post-treatment active and/or passive disease incidence/prevalence, and consideration of
how long these activities should continue (Section 3. Biosafety).

Phase 4. Post-implementation surveillance

Like any public health intervention, GMMs will require ongoing monitoring to determine whether
their efficacy has diminished with time or because of unexpected effects that become evident when
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used in new areas. Appropriate measurement of the entomological outcomes that guided
deployment of the GMM must be continued after the trials cease. Depending on the type of GMM
technology and the deployment strategy, multi-year follow-up may be required.

GMMs that reach Phase 4 will have undergone extensive efficacy testing. Their behaviour in natural
settings will be established by Phase 3 activities. However, it cannot be assumed that they will
continue to behave as expected. By analogy with the implementation of insecticides used for long-
lasting insecticide treated bed nets, indoor residual spraying and larviciding, efficacy can change due
to changes in the genetic constitution of the mosquitoes or external factors such as weather and
human activities. However, the intervention at this point is no longer experimental, but is a control
measure whose ongoing effectiveness in a public health programme is being determined.

A subset of the epidemiological outcomes that were utilized during Phase 3 trials should be
monitored in order to determine whether the positive effects on human populations are being
sustained. It is likely that if the GMMs were deployed over large areas, only longitudinal passive
clinical case surveillance would be practical. In case a loss of efficacy is noticed — similar to the
appearance of insecticide resistance with conventional control — any second generation GMMs that
may be created must also be tested in phases 1-3, and monitored in Phase 4.

Entomological activities

¢ Direct measures of EIR under novel conditions (when possible)}.

¢ For GMMs with drive systems, the rate of spread of a transgene in wild populations and
comparison with model and Phase 3 predictions.

¢  Widespread intermittent sampling of transgene functionality and mutation rate.

¢  Wide-scale intermittent measurement of GMM dispersal and gene flow.

e For population suppression strategies, sampling of the degree of suppression of wild
populations.

¢ Model refinement based on entomological and epidemiological observations.

¢ For refractory GMMs, observation of native pathogen development in mosquitces collected
in disparate settings.

Epidemiological activities

¢ Longitudinal passive case detection of targeted disease and other mosquito-borne diseases.

Capacity building as an essential component of control measure durability

Durable efforts to conduct trials and to implement successful GMM interventions require strong
intellectual understanding, cultural intimacy and logistical capabilities in locations where
technologies are being implemented. Given the breadth of activities that have been described
above, these require personnel and laboratories prepared to perform regulatory, medical,
epidemiological, social and entomological activities. Further sub-specializations will be required:
medical entomology, molecular biology, statistics and diagnostic analysis to name a few. It is simply
impossible for these capacities to be supplied without reliance upon well-trained national personnel.
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During trial design, an explicit personnel plan for the project should include the specific types of
supporting expertise that will be required and the degree to which the project can and must take
advantage of national capacities. When specific abilities are lacking, a strategy for training national
perscnnel to satisfy these needs should be planned and undertaken. Sufficient lead-time for training
must be part of the trial design, and a commitment to retain trained personnel in the trial will be
important to ensure continuity, and allow for deep understanding of and involvement in the project.
These personnel will play vital roles not only in trial conduct, but also in regulatory interactions and
long-term monitoring activities.

For many national staff, training opportunities will be professional highlights that may make them
eligible for national positions of authority and responsibility. Therefore, with their knowledge of
perscnnel, technologies, and national regulatory and political avenues, they constitute invaluable
long-term national focal points for future potential novel interventions. Commitment to providing
assistance for training lays a foundation for future strength and independence for national research
activities.

Capacity includes facilities. Even though construction of major facilities will be beyond the resources
of most trials, increases in the capacities of facilities can include provision of scientific equipment,
computers and software required for the trials, as well as the necessary improvements in biosecurity
to achieve risk mitigation goals. Some structures, such as entomological-contained trial facilities, will
be so specialized that support for the construction will likely come from the trial programme or in
combination with other studies that could capitalize on the existence of a multipurpose facility such
as the “Malaria Spheres” in Kenya. These kinds of facilities can be used to perform studies on
mosquito behaviour, life history and non-GMM interventions. Coordinating investment in their
construction provides a long-term foundation for wider sustained trials of vector interventions and
research activities.
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3. Biosafety

Summary: Biosafety in the development of GMMs focuses on reducing to acceptable levels any potential
adverse risks to human health and the environment that might be posed by these technologies, keeping in
mind the known adverse effects of vector-borne disease. Risk analysis contributes to the achievement of
an appropriate level of safety. Risk analysis takes into account that an event may occur but it may or may
not be harmful in particular circumstances. Upon evaluation, some risks may be judged as negligible,
Moreover, effective RM can make many risks acceptable. Overall biosafety RA should determine: the
potential hazards and the mechanisms of impact for GMMs on wild populations of target and non-target
organisms; the likelihood and magnitude of any harmful impact on the receiving environment: and, the
levels and consequences of uncertainty associated with these effects. RM should provide appropriate
measures to mitigate harm or uncertainty associated with changes to target organism populations or the
wider receiving environment. Thus, RA allows researchers and regulators to determine the appropriate
types and levels of GMM testing that will contribute to effective RM. Risk communication ensures that
there is a well-documented explanation of what risks have been identified, how they have been assessed,
what the acceptable level of risk is, and how RM may be able to achieve acceptable levels of risk.

The development and testing pathway for GMMs should be phased, with RM measures proportionate to
the level of risk to humans and the environment at each phase. For example, confinement in early phase
trials mitigates concern about long-term or large-scale spread and provides an opportunity to assess the
likelihood and impact of hazards for which little or no empirical data exist at that stage. As more
information becomes available, later stages of testing may need a less precautionary approach.

Studies in Phase 1 can provide data on risks that can be addressed by observing changes in behaviour and
ecologically relevant characteristics of mosquito populations in small-scale laboratory experiments. With
respect to biosafety testing, this Phase primarily focuses on the relevant characteristics of the GMOs
themselves, and on laboratory experiments that can assess pathways that might lead to harm. In Phase 2,
RA data are obtained in trials conducted under physically or ecologically confined conditions. This phase
gathers RA data to reduce uncertainty regarding effects identified in Phase 1 and allows assessment of
health and ecological effects under more realistic levels of exposure. Staged open field trials under Phase
3 can gather data under even more realistic conditions and using less confined measures than in the
previous phases. In preparation for Phase 4, RA should include issues such as the potential for the
movement of GMMs beyond the boundaries of a release area and the evolution of resistance, and will
determine the necessary scope of post-implementation monitoring and management. The choice of risk
comparators changes in its emphasis as testing moves through the various phases. At each stage a range
of comparators may be needed to evaluate risks and performance across different dimensions.

Risk analysis that focuses on the phenotype (rather than the individual molecular modifications) provides
a robust and appropriate approach to the assessment of GMMs. Risk analysis for GMM should be
embedded in a broader benefit-risk analysis before decisions are made on large-scale implementation for
public health purposes.

Biosafety considerations for GMMs address their safe use through the proper assessment of risks to
the environment and human health, and the proper management of those risks. Risk is the
combination of the magnitude of the consequences of a hazard (an unwanted event), if it occurs,
and the likelihood that the unwanted consequences will occur. Risk analysis is an objective process
to identify what hazards are relevant, how significant the risks are, how they can be managed, and
how both the risks and their management can be communicated effectively to all concerned. Risks
should be examined and responded to through established protocols within a risk analysis
framework determined by a national policy on environmental and human health risks, and their
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acceptance or management (US-EPA, 1998; EFSA, 2006, 2013; CBD, 2012).”**> Risk analysis may also
take into account other types of concerns in addition to those related to human health and the
environment (such as social or economic hazards, or hazards that would jeopardize the successful
completion of the trial), but this section only deals with biosafety concerns.

. . . . . . . . 26
Various examples of risk analysis processes are available including: a broad international standard;

. . . . 27
national environmental guidelines;

and GM biosafety and risk frameworks referred to above.
Across this range of guidelines, risk assessment (RA} is defined as a methodological approach to
define and characterize hazards, and to estimate the exposure or likelihood of each hazard occurring
as well as the potential adverse impact of the hazard (harm). In a phased series of testing, specific
hazards would be addressed at each relevant phase. RA includes identifying hazards (those for which
some direct or relevant evidence has been demonstrated), weighing the strength of evidence for
such hazards, characterizing the risk and developing risk management (RM) strategies (through
procedures, guidelines and regulation) to accept, avoid or reduce risk. The RA and RM strategies
developed during laboratory testing and pre-release confined studies of any GMMs need to address
two concerns: the effects of an escape or accidental release on a receiving {open) environment; and

the effects of testing or release on human health.

RM of GMMs should be proportionate to the likelihood and magnitude of any potential hazards for
which there is evidence. In countries with defined environmental policies and protection goals, these
national policies provide the framework for determining acceptable risk levels. Observations of
significant environmental effects at the various stages of GMM trials and implementation do not in
themselves demonstrate a risk unless the outcomes are harmful. The impact of the effects must be
evaluated, and the acceptability of risk is a policy decision that reflects the overall impact. During
testing of phases 1-3 for GMMs, biosafety is the main decision-making determinant related to risk,
but at the operational stage (Phase 4) decisions would also consider benefits and costs {including RM
measures and any unmanaged residual risks). It is essential that potential risks be assessed and
managed to ensure that modified mosquitoes are not more detrimental to human health (by
increasing disease burden or severity) or to wider biodiversity (by adversely altering ecosystem
structure and function). A reasonable overall standard in a RA would be whether a specific GMM
implementation “causes more harm” than populations of wild mosquitoes managed under current
practice, as has been used in Australia (Murphy et al.,, 2010). This standard is defined by specific
endpoints that address harm to human health and particular qualities of the environment, and the
elaboration of these endpoints would be the basis for studies to gather data to enable a RA to be
conducted. At each level, risks specific to the genetic modification should be distinguished clearly

**The Cartagena Protocol on Biosafety to the Convention on Biological Diversity: http://bch.cbhd.int/protocel/,
accessed 25 May 2014.

% Australian Office of the Gene Technology Regulator. Risk analysis
framework:hitp://www.ogtr.gov.au/internet/ogtr/publishing.nsf/content/riskassessments-1, accessed 25 May
2014,

%% 15O 31000:2009 risk management — principles and guidelines:
http://www.iso.org/iso/news.htm?refid=Refl1266, accessed 25 May 2014.

% United Kingdom guidelines for environmental risk assessment and management: Green leaves Il
http://www.defra.gov.uk/publications/2011/11/07/green-leaves-iii-pb13670/, accessed 25 May 2014.
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from those generic risks associated with the release of conventional laboratory or factory-reared
insects.

The earlier development of GM technologies, principally for plants, provides a baseline for
comparison of the differences between GMMs and wild-type mosquitoes that might result in
environmental risk posed by the former. ERAs for GM plants are mandated for national regulatory
agencies in many countries, for example, by the European Food Safety Authority (EFSA, 2010). These
regulations follow a standard procedure to assess the risk of the technology to the environment (as
set out in the CPB)*
characteristics of the modification at the molecular, ecological and environmental scale, taking

as well as to human health. Principally, this involves assessing the

account of appropriate scientific evidence and uncertainty. While some of the goals and specific
details will differ (such as the intended purpose of managed GMM release in alleviating disease
burden, and the mobility of mosquitoes), the basis of biosafety guidance for GMMs will be built and
adapted from existing frameworks for GM plants. Other useful precedents are provided from
experience with biological control agents and GM vaccines. Each of these technologies exhibits
unique features, but it is important that risk analysis frameworks are consistent wherever possible.

3.3 Constderations for risk analysis

Risk analysis is described in terms of risk concern, RA, RM and risk communication. Risk concern
relates to awareness about issues related to both technology and social values, and in each case
needs to be supported by evidence that demonstrates a concern has a plausible mechanism. RA and
RM of GMMs require the development of risk frameworks in which scientific evidence is used to
assess the probability that an adverse event (a hazard) will occur and the extent of harmful
consequences associated, with and without mitigation.

Both quantitative and qualitative risk analyses may be considered for GMMs. Quantitative risk
analysis attempts to assign numeric values for the probabilities of various adverse events and to the
assessment of the potential loss. Qualitative risk analysis assigns categories of risks, sometimes with
relative scores reflecting the range of outcomes. Quantitative frameworks allow the expression of
risk as probability distributions of adverse outcomes. Definitions and uncertainties in qualitative risk
analysis can be expressed in scales that allow some approximate quantification (e.g. high, medium,
low or negligible). Once risk is assessed, appropriate RM strategies can be devised and their efficacy
also may be quantified in some cases. The wider environmental RA and RM guidelines referred to
earlier from the United Kingdom?®’ give useful guidance on how to assess the credibility or
uncertainty of evidence in risk analysis, as does the Australian GM risk framework.” Quantitative
risk analysis frameworks based on probabilistic and subjective estimates of social outcomes, such as
that used for releases of Wolbachia infected mosquitoes in Australia (Murphy et al.,, 2010} may
become useful in developing appropriate guidelines for the release of transgenic mosquitoes. This
approach to belief networks can provide a robust quantitative framework for risk analysis that
incorporates subjective evidence.

Risk analyses must be undertaken on a case-by-case basis to identify and manage any adverse
effects to the environment and/or human health. The components of risk analysis have been
described thoroughly in several venues, for example by Australia’s Office of the Gene Technology
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Regulator (OGTR),” the Convention on Biological Diversity (CBD, 2012), the EFSA (2006, 2013),
United Kingdom’s Department of Environment, Food and Rural Affairs (Defra)”’ and the USA’s
Environmental Protection Agency (EPA, 1998). Environmental risk assessment (ERA) for GMOs

usually follows a multi-step process.

1. Problem formulation, which begins by considering concerns about risks arising from technical,
social and other perspectives; it involves identifying the characteristics of the GM organism
that might, on the basis of practical or theoretical evidence, cause harm to the environment
and/or human health, and determining how this harm might manifest and what/who is at risk
of this harm, along with an appropriate comparator for the risk.

2. Hazard characterization, determining the magnitude of the harm if it were to arise.

3. Exposure characterization, determining the likelihood of the hazard occurring.

4. Risk characterization, determining the level of risk, the product of the hazard and the
exposure.

5. Risk management, selection of management strategies to alleviate/mitigate any identified
unacceptable risks.

6. Risk conclusion, which is the outcome of the risk evaluation taking into account the residual
risk remaining after feasible RM and the acceptability of that risk; it is important that the
nature of the risk and its effective management or acceptance can be communicated
effectively to those who have expressed risk concerns leading to the original problem
formulation.
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Figure 3.1 Example components of the RA process*

Risk conclusion

Management ¢ With National
strategies o
alithorities
Rick e Standard e Approval
P operating ¢ Approval with
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e Distributions of e Responsive e Not approved
Hazard and outcomes management « With local
exposure * As§umpt|ons * Capacity and communities/
characterization e Evidence competence other
s Conflicting ¢ Operational stakeholders
@ e Routes of exposure evidence or assurance e Accepted
Problem ¢ Planned opin.io.n « Not accepted
£ lation ¢ Unintended ° Exphut.
ormu e Rate and scale of uncertainty
« Plan of action/use  exposure to hazards
e Plausible hazards e Literature
« Exposure pathways ¢ Lab experiments
® Assessment ¢ lab or cage
endpoints observation
« Limits of concern ¢ Models

*Although portrayed as a linear process where knowledge and conclusiveness increase at each step, some of the

components may flow in parallel or loop back to previous steps.

The problem formulation for an environmental risk begins with the planned actions for release of
GMM and the identification of any potential hazards that may arise through plausible pathways.
Examples of general hazards related to the release of GMMs include:

¢ release of the GMMSs might increase transmission of the target or other diseases;
¢ release of the GMMSs might cause a significant biting nuisance;
¢ release of the GMMSs might result in disruption to valued ecosystem components.

However, it is important during the problem formulation process to identify any specific hazards of
concern regarding the particular GMM technology being tested and/or the environment in which it
will be tested. Harm may be specified in some national environmental regulation, for example, in
terms of threats to particular endangered species or habitats.

An important concept of risk analysis is that while an event theoretically may occur, it will not
necessarily be harmful, because either it does not have a perceived negative effect or it does not
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have an effect specified as harmful in regulations. Many risks may be judged to be negligible, such as
when the probability that the event will occur is extremely low or the potential harm resulting from
the event is minimal. Even when potentially harmful events are identified, the practical level of risk
to which the public is exposed in many cases can be reduced to acceptable levels by effective
management.

2.2 Site characteristics

Baseline information on key ecological, environmental and site characteristics is important to ensure
that field trials can be adequately planned and interpreted. Selection criteria might include the
distribution of principal vectors in the release area, the location of mosquito larval sites, climatic
conditions, knowledge of active transmission {if any) of the target disease pathogen at the site,
geographical isolation of the site for confined trials so that there is a negligible chance of any impact
outside the trial area, existing data on the transmission dynamics of the target disease, existing
surveillance and control systems for both vectors and disease, the likelihood of obtaining regulatory,
social and political approval for research on GMMs in the study community and surrounding areas
(Sections 4. Ethics and public engagement and Section 5. Regulatory frameworks), and the ability to
continue existing vector control practices.

3.3 Appropriate comparators

The choice of non-modified mosquito comparators will be essential in RA of any hazards associated
with the transgenic modification. In some phases, such as in Phase 1, the ancestral laboratory line
from which the transgenic mosquito line was derived is a logical comparator. A potential benefit for
this as a comparator is that genetic similarity could be maintained allowing precise scrutiny of the
molecular modification in terms of genetic and phenotypic viability and variability. A disadvantage of
using ancestral laboratory lines is that the loss of fitness {due to intensive rearing in the laboratory)
may lead to a less precise RA relevant to the characterization of the genetic modification compared
to wild populations. Choice of alternative non-modified comparators (such as field-derived strains of
the modified species) will require careful scrutiny of the genetic background together with
physiological and behavioural characteristics. Such comparators may be more appropriate for field
comparisons in later stages. For example, under self-limiting approaches, mosquitoes sterilized
through more conventional irradiation methods may provide an appropriate counterpart for RA.
Defining clear points for comparison, for example, a phenotypic characteristic such as adult
longevity, will ensure that the risk evaluation remains credible, proportionate and focused.

The comparator for GMM in field trial phases would be the wild-type mosquito in that location, and
the comparisons at this stage relate specifically to the types of mosquitoes. However, at a field
implementation scale, the novel mosquito control system incorporating GMMs may be compared
with a conventional control system. The comparison is related to the scale and purpose at this phase

and addresses the risks arising across the integrated systems of control.
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2.4 GMM characterization

The parental background of the GMMs should be described, including the species and strain, the
geographical source, the number of generations rearing colonies have been maintained and the
extent of replenishment with wild stock. These characteristics permit an assessment of the
differences, and their potential effects, between the GMM and the wild-type comparator. The
genetic modification should be described, including molecular characterization, insertion sequences
and location. The stability of the transgene is an important issue in determining if the
characterization of the GMM remains valid over successive generations, which may be an important
objective of Phase 1 laboratory studies.

In RA, statements on the modification undertaken, its original derivation and the effect it confers
should be stated clearly. The methods used to generate the GMM lines and the sequences, genomic
locations and schematic maps may be required. Information on the flanking sequences may be
required to identify whether new open-reading frames are generated from an insertion. Original
sources of vectors used for the molecular transformations, the source of donor genetic material, its
size and intended function should be described. Information on the actual sequences inserted (or
deleted), the size and copy number of detectable inserts, and the functional organization of the
genetic material is necessary core information on the transgene. Details should be provided on the
developmental expression of the transgene insert (or modification through knockout deletion based
on transgenic technologies) during the life cycle of the mosquito. The RA should account thoroughly
for the molecular characterization and consider the risk associated with the incorporation of
molecular constructs or insertion mechanisms (for example, plasmids and transposable elements)
into the modified mosquito.

A further aspect of characterization is the description of the GMM use or application. This should
include an indication of the expected release rates, duration and spatial distribution of the GMM,
along with any other measures that may be taken as part of the integrated control system (for
example, the suppression of wild populations with insecticides before GMM release).

3.5 Hazard characterization

Hazard characterization will normally be specific to a particular GMM technology and scope of use,
but it is possible to describe some of the more general possibilities that should be considered. A
hazard may derive either directly from the intended effect of a genetic modification or indirectly
through an unintended deviation from that intended effect. For example, the breakdown of the
molecular function could lead to a loss of GMM efficacy and to potential changes in the impact on
the environment and/or human health. To assess this, under both self-limiting and self-sustaining
approaches, the RA should be associated primarily with the genetic modification.

Alterations to the biological characteristics of the GMMs may lead to new interactions with target
mosquito populations. Examples of such potentially harmful alterations could include altered larval
competition and accelerated maturation. Biological alterations such as those leading to increased
insecticide resistance or human feeding might change vectorial capacity relative to wild-type
populations. To predict the effects of a particular GMM release on the target population, it is
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essential that appropriate phenotypic, behavioural and population level characteristics of the
modified mosquito be assessed through laboratory experiments and trials. Although Table 3.1
provides a set of characteristics that are likely to be important in the understanding of the impact of
a GMM on the target population, the most important and relevant characteristics should be
identified and assessed on a case-by-case basis. This will ensure that appropriate RA criteria are
established and thorough RM strategies are in place.

Under self-sustaining approaches, molecular characterizations must show that the transgene is
sufficiently effective and the molecular construct linking effector transgenes to a drive system is
sufficiently robust to ensure that the release of the GMM results in introgression of the genes into
wild mosquito populations (James, 2005). Appropriate drive systems are crucial to ensure that a
faster rate of spread of the genetic construct occurs than would be expected under standard
Mendelian inheritance (Burt & Trivers, 2006). It is important to understand the essential aspects of
the population genetics of the transgenic modification as some gene drive systems might be
expected to cycle to and from fixation in populations. Similarly, molecular characterizations for self-
limiting approaches need to consider the expression patterns of the effector gene, including
whether expression is under appropriate gene control and stable within the genome. The RA for
GMM should consider the stability and specificity, in relation to the intended effect, of the
transgenic material at the population level and the consequences of incomplete or partial transgene
function.

Identifying the risks associated with incomplete transgene function in individual mosquitoes will
have implications at different phases of testing, including at the population level and in confined
field trials. Reduced penetrance (the proportion of a given genotype that expresses the phenotype)
of a transgene in a population may pose a risk to the receiving environment and/or human health if
it affects the ability to detect transgenic individuals or reduces the anticipated control benefit. For
self-limiting strategies, low penetrance at the population level will affect efficacy, and population
trials should aim to quantify any human health risk associated with this in a disease vector control
system, for example, if the capacity for pathogen transmission is not sufficiently blocked. Such risks
might be managed with core quality control measures (such as genetic markers). With self-
sustaining strategies, incomplete penetrance of a transgene may not influence the outcome of long-
term control but might affect the initial success/spread of the transgene. Methods must be provided
to allow for discrimination of GMM within the environment and to monitor the maintenance of

transgene integrity. This will also be important for assessing GMM efficacy in later phases of testing.

Further possible hazards could arise from random integration of the effector gene, such as low
efficiency and position effects on transgene expression and the potential for insertional
mutagenesis. It is likely that transgenic strains exhibiting these effects would not be considered
suitable for eventual deployment. It is expected, therefore, that most of the potential hazards
resulting from random integrations would be eliminated during the product development process.
Specific strategies to reduce random integration might be employed. An example of such a strategy
is provided by the two-tiered approach to the molecular modification of mosquitoes, which in the
first stage involves inserting a target at a suitable chromosomal site, and in the second involves
recombining the effector gene into the target site (Nimmo et al., 2006; Sethuraman et al., 2007;
Isaacs et al.,, 2012).
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It is conceivable that multiple transgenes might be used to achieve the desired effects. Synergistic
genetic interactions and unexpected phenotypic consequences of multiple genes should be assessed
to determine if they pose a potential risk to the receiving environment, and thus require RM
strategies. It is important to consider how to approach the RA and RM of ‘stacked’ events (multiple
transgenic modifications) to ensure the efficacy of these transgenic modifications and manage any
risk associated with the evolution of resistance. Characterization of stacked events should consider
the stability of the inserts, the expression of the events and potential synergistic or antagonistic
effects arising from the combination of the transgenic modification and the phenotypic
characterization of the effects through life-table, behavioural, and/or population
observations/experiments. Appropriate comparators for laboratory studies might include the
conventional parental strains or the equivalent wild mosquitoes, the lower stacked event lines
(provided appropriate RA/RM advice exists) and wild-type mosquitoes. Characteristics based on the
phenotype (rather than the individual modifications), and their interpretation from available
baseline data, provide a robust and appropriate alternative to the full RA on every individual
molecular modification in a stacked GMM. Therefore, RA should assess the impact of GMM in terms

of phenotypes rather than individual modifications in stacked, multiple transgenic modifications.

Some interactions of GMMSs with other organisms in the environment may result in hazards and may
therefore pose risks to the receiving environment. As mentioned above, hazards might include
undesirable changes in populations of interacting organisms, physiological or behavioural
differences in the GMMs that affect nuisance impacts, or increased opportunities for transmission of
non-target diseases. Preliminary ecological or behavioural patterns associated with modification
related to such potential hazards should be assessed through longitudinal, population-level cage
trials of both GMM and non-modified comparators over time scales relevant to the patterns being
observed. The use of semi-artificial microcosm and mesocosm systems {Lawton, 1995) in trials that
aim to mimic the key aspects of the receiving environment would allow the population dynamics
and population-level characteristics of the GMM to be characterized more accurately than simple
laboratory population cage studies. These small-scale laboratory or caged environments attempt to
provide potential for interactions with a limited range of ecological complexity, which would provide
a bridge into more comprehensive physically and/or ecologically confined field trials. Careful choice
of experimental design and planning may allow a range of potential ecological characterizations,

which might include those below.

¢ The role of density dependence in the population dynamics. The timing of density-driven
events that affect survival, development rate and/or fecundity can be explored using
population cage and semi-artificial microcosm and mesocosm trials, appropriate statistical
analysis and mathematical modelling.

¢ Comparison of discrete dynamics, for example, seasonal factors such as rainfall, versus
continuous dynamics, such as competition for host finding, under semi-artificial conditions
allows estimates of the effects of seasonal versus aseasonal effects to be discriminated.

e Exploring preliminary release numbers/schemes (for self-limiting approaches) or invasion
potential (for self-sustaining approaches) of transgenic lines.

Novel interactions of the GMMs with non-target organisms (NTOs) could have important
consequences for ecosystem function and services (EFSA, 2010). An example might be if the
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abundance of the NTO species was reduced and was an important seasonal part of a food web for
predators. The direct exposure of non-target species to the GMMs, or to transgene products,
requires careful assessment in order to identify risks and, if they exist, manage and mitigate them.
Population-level microcosm or mesocosm trials could evaluate the specific effects of the GMMs on
NTOs, where these have been identified. The choice of appropriate NTOs (such as predators or
competitors, decomposers) is a complex decision but could allow the preliminary effects of
particular high-value inter-specific and trophic effects to be evaluated. The EFSA’s guidance (2013)
for the choice of NTO in the environmental RA of GM insects suggests that these should include
natural enemies, competitors, pollinators, species of conservation, cultural or food chain value,
decomposers and host animals. Similar approaches might translate to appropriate choice of NTO in
small population-level studies with GMMs. With appropriate controls (with/without
competitors/natural enemies/decomposers) the preliminary criteria of the RA on NTOs can be
established.

An alternative scenario that has been proposed for GMM population suppression approaches is the
possibility that a resulting empty ecological niche may be filled by alternative unwanted species. For
example, laboratory studies of competitive interactions on (non-modified) Aedes aegypti and Aedes
albopictus demonstrate that A. albopictus larvae are superior competitors for resources compared
to A. aegypti over much of their range (Juliano, 1998; Daugherty, Alto & luliano, 2000). This has
implications for the invasion and establishment of A. albopictus after suppression of A. aegypti to
inhibit dengue transmission. Available information from laboratory and field ecological studies will
help to assess the ecological and health implications of the empty niche hazard. For instance, in the
case cited, available evidence indicates that A. albopictus plays a minor role in dengue transmission
due in part to different host preferences and reduced vector competence {(Lambrechts, Scott &
Gubler, 2010).

There may be additional concerns about hazards related to possible direct human health effects
arising from GMMs, such as nuisance biting or allergic reactions. In this regard, it is important to
keep in mind that only female mosquitoes bite humans or animals. Nuisance biting would increase if
female mosquito abundance increases, but would not be expected to pose a disease hazard with
GMM applications intended to either reduce populations or replace wild populations with similar
numbers of refractory mosquitoes. Increased allergenicity of GMMs has been proposed as a
speculative risk to humans, though no supporting information is available. While ingestion has been
suggested as a possible route of exposure, this is likely to be quite rare and thus unlikely to pose a
significant hazard. The most likely route of exposure to GMMs is via biting. The saliva of all
mosquitoes naturally stimulates an immunological response in most persons and a strong allergic
response in some (Peng & Simons, 2007), and there is considerable cross-sensitivity to the salivary
proteins from wild populations of mosquitoes. Therefore, determining a GMM-specific response in
the context of such natural variability will be difficult. However, with GMM technologies in which
female mosquitoes will be released or transgenes will be expressed by female progeny, it is
appropriate for an RA to consider whether a transgene product is expressed in the saliva and, if so,
whether this protein is significantly similar to a recognized allergen. In such a case, further studies
may be warranted and established; validated protocols for assessing allergenicity of proteins by
dermal exposure should be followed.

48

ED_005208A_00181440-00185



Guidance Framework for Testing of Genetically Modified Mosquitoes

The efficiency of quality control for effective management of the modification of mosquitoes, such
as the operational ability to derive only certain types (for example, one sex in male-only releases) of
transgenic insects for release, may be relevant to an RA. The methods and degree of separation
necessary depend on the scale of the trial or planned release and the GMM technology under
consideration. Achieving the desired sex ratio and levels of separation require appropriate
operational protocols. In laboratory trials and population cage experiments, the ability to
discriminate and separate relevant strains of transgenic mosquitces should be evaluated. RM
options should focus on how necessary it is to obtain absolute (100%) separation in order to achieve
safety and efficacy endpoints in the trial/release. Control may be achieved even when some females,
which do not contribute to control in sterile male release programmes, are released. For example, in
the use of a conventional radiation SIT method, the local elimination of An. albimanus in El Salvador
was achieved with the release of sterile insects of which approximately 14% were females {Lofgren
et al.,, 1974). The quality and numbers of released GMM needed to achieve intended vector or
disease outcomes should be specified and explained in the release plan. The risks arising from not
achieving that level of quality or numbers in releases should be assessed and managed.

3.6 Utility of mathematical modelling for BA

RA can be enhanced by coupling experiments and/or observations with mathematical modelling.
Mathematical modelling can highlight the range of parameters necessary for RA. The overall aim of
mathematical modelling within the RA context is to predict behaviour based on properties and
assumptions of transgenic modification that may be helpful in assessing the likelihood of events. For
example, given a specific set of molecular modifications, mathematical models might be used to
predict whether or not the fitness of the GM mosquito will be enhanced by the molecular
modification (Box 3.1).

Box 3.1 Modelling to determine the net effect of altered fithess

In a model system where GMM containing a particular anti-pathogen effector gene were continually fed on
mice with a high level of parasites, increased fitness of the malaria-resistant mosquitoes was observed
{Marelli, Rasgon & lacobs-lorena 2007; Smith et al., 2013}, Given such an observation, modelling might be
used to determine the net effect of increased fitness, the expected frequency of infected mosquitoes and
possible effects on transmission. The appropriate theoretical framework to undertake this RA would be a
full analysis of the life history combined with competition experiments, Essentially, this consists of
determining both aspects of fithess associated with survival and aspects of fithess associated with
fecundity and reproductive success (Stearns, 1992: Roff 2002: Godfray, 2013). This could involve
laboratory studies that focus on a selected set of core parameters (Table 3.1) associated with the specific
genetic modification coupling life-table experiments, experiments on small batches of modified and non-
modified mosquitoes (such as split by age, sex or strain} in cohort experiments, and mathematical
modelling,

Mathematical modelling of inter-specific interactions might be useful to reveal potential structural
alteration to the ecological (biotic) effects. For example, self-limiting strategies where population
suppression is the goal are expected to lead to non-uniform competitive effects, as population
interaction strengths with other species will differ at high and low densities. Under self-sustaining
strategies, assessing whether the heritable modification will have an impact on the ecological
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competitive ability of the GMM and/or ecological interactions could be accomplished using data
from small-scale semi-artificial population trials in the laboratory.

3.7 RA and BM considerations af different testing phases

As explained above, given the various potential hazards that might be enumerated, RA and RM must
be focuson the particular GMM application under examination and its objectives within the phase of
testing under evaluation. Specific RA and RM considerations will differ between various GMM
technologies and in different phases of testing. For example, the level of exposure will be less in
contained trials than open releases, and with sterile GMMs versus those that are self-sustaining. At
each level of testing, from laboratory through to field trials, the aim of specific RA and RM
approaches should be to ensure safety and to quantify or provide a qualitative rank of risks
associated with the eventual deployment of the GMMs.

Transition from each phase of testing to the next should involve both a retrospective validation of
the RA/RM that was put in place at the beginning of the phase and an evaluation of whether the
performance characteristics that were measured warrant progressing to larger trials according to
previously designated efficacy and safety endpoints. In addition, any hazards that were unforeseen
before starting the previous phase should be considered in the decision along with additional
management measures. The decision to move forward with further testing will require approval
from the appropriate oversight and regulatory bodies at each phase (Section 5. Regulatory
frameworks).

3.7.% Phase § - Laboratory stodies inchuding Laboratory Population Cages

RA for Phase 1

Phase 1 testing will be conducted in a laboratory or insectary under physically confined conditions.
Because this is an early stage of development, there will inevitably be limited information on the
stability and effect of genetic modifications and a cautious approach is essential, primarily due to
uncertainty rather than any established hazard. RA in preparation for Phase 1 will determine the
conditions under which laboratory studies can be conducted, including the acceptable level of
exposure to GMMs by research personnel, acceptable security measures to prevent GMMs from
escaping, and appropriate methods for disposing of waste materials.

Risk management

RM measures for environmental impact will include appropriate containment'* of live mosquitoes
and destruction of dead mosquitoes and waste materials (if there is evidence that these may be a
hazard) (Benedict, Tabachnyk & Higgs, 2003). RM measures for human health would include
ensuring GMM colonies and feed sources are free of human pathogens, ensuring laboratory staff are
not carrying mosquito-transmissible diseases, and limiting unintended biting opportunities (to guard
against disease transmission} by preventing and removing mosquitoes flying outside cages and by
ensuring that laboratory staff wear suitable protective clothing. RM to respond to escapes from the
laboratory would include escape detection systems and standby mosquito control capacity sufficient
to control adults within the dispersal range of the mosquitoes and/or conducting experiments in
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seasons when adult dispersion and mosquito larval sites will be limited. Where testing of disease
transmission or infection cycles in GMMs is undertaken, particular care should be taken to ensure
the safety of laboratory staff. All of the above are also good practices in rearing non-GM mosquitoes,
particularly when they are being handled in areas where they are exotic and could establish
following escape, and build upon standard precautions.

Studies to gather data for deployment RA

This early phase of the development of a transgenic mosquito focuses primarily on the biology of the
target species and integrates molecular, genotypic, phenotypic, behavioural and population-level
characteristics (Section 2. Efficacy evaluation). The data collected at this phase to address identified
risks will focus primarily on the genetic modification of the mosquito and its interaction with and
distinctions from the comparator mosquitoes in the laboratory. Alterations to target populations
through changes in the demographic size, structure or behaviour may have a detrimental impact on
the wider environment and/or human health. Experiments to determine whether these alterations
may lead to specific harms can begin to be addressed at this stage. Examples of Phase 1 studies that
characterize those aspects of the biology of the modified mosquitoes and inform the RA associated
with the eventual deployment of GMMs have been previously described {Benedict et al., 2008} and
are additionally detailed in Table 3.1.

Results of Phase 1 testing will determine whether trials may proceed safely to Phase 2 ecologically
confined trials or whether physical confinement is a necessary intermediate step to obtain additional
safety information.

3.7.2 Phase 2 - physically andfor eoologically confined feld rials

RA for Phase 2

Physically confined (contained) and ecologically confined field trials conducted under Phase 2 allow
data to be collected that require a larger scale or more natural conditions in order to be detected.
RA will determine the level of confinement required in Phase 2. For some GMM technologies, it may
be decided that physical confinement is not a necessary step in the testing pathway and that
conditions of genetic or ecological confinement allow for sufficient risk reduction. For example, a
regional standard in North America accepts biological confinement for sterile transgenic arthropods,
provided there is data on the efficacy of sterility (NAPPO, 2007). Physical confinement may be less
important in cases where Phase 1 results have demonstrated that there is limited potential for
dispersal, for example, for trials where the GMM'’s progeny do not mature to adults, or where the
GMM is not expected to persist (for example, transgenically marked laboratory strains with
intrinsically low fitness in the wild). Previous evidence from laboratory or other confined trials may
demonstrate that protocols to discriminate the sex of the released mosquitoes, and their phenotypic
properties, are sufficient to ensure safety in an ecologically confined trial. Regulatory requirements
will likely differ for physically confined versus ecologically confined trials.

Understanding the risk associated with a breach of physical/ecological confinement requires
appropriate consideration. A breach of physical confinement may lead to the loss of transgenic
mosquitoes or loss of genetic material into the wider receiving environment. Breaches of physical
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confinement might be classified in terms of the potential magnitude and type (Benedict et al., 2008).
Breaches might be caused through natural disasters, structural failures, human error/accidents or
deliberate actions. The RA should take into account cage designs, experimental planning, emergency
preparation, training, and site security.

RA should ensure that a mechanism for practical and reliable discrimination of GMMs and wild
mosquitoes is available (for example, through the use of fluorescent dyes or dusts and/or
phenotypic or genetic markers). Where release of male-only GMMs is part of the system, methods
for reliable sex-selection prior to release will be necessary to ensure an acceptable sex ratio is
achieved. Other biological considerations for RA in preparation for Phase 2 testing would include
what is known about the local dispersal and gene flow patterns for target mosquitoes and what
pathogens they transmit in the receiving environment (Benedict et al., 2008).

Risk management

In confined field trials, risk will extend to greater varieties of environmental and target species
effects. Risk associated with these trials must be managed by limiting the spatial and/or temporal
scale of the planned release activity. Documenting the hazard/differences associated with the
escape of self-limiting or self-sustaining transgenic lines through breaches will be an essential aspect
to RM, including the containment requirements for cage design. It is anticipated that the risk will be
lower with self-limiting GMM due to their lack of potential for persistence in the environment.

Physically confined field trials should give particular attention to cage designs and local
environmental conditions at the chosen field site. Aspects of local geological, ecological and
regulatory criteria will underpin the design of physically confined field cages and trial
implementation (Facchinelli et al., 2011; Ritchie et al., 2011). Ecologically confined field trials may
take place in locations that do not favour the long-term survival of the GMMs, or in ecologically
isolated locations (such as an area surrounded by water, deserts or mountains). Combinations of
physically and ecologically confined trials are possible.

Further simple RM measures, including restricted access, clear and well managed SOPs and
appropriate ethical/cultural considerations (Section 4. Ethics and public engagement) could all be
used to mitigate hazards associated with confined trials. While clear research protocols would be
necessary beginning at the Phase 1 laboratory population trials, SOPs become increasingly important
as testing through the tiered phases moves forward. An SOP is a written plan describing the
procedures to be carried out during the field trial evaluation of GMMs. For example, a SOP would
document how transgenic material should be moved from the laboratory to the field prior to
release, the protocols for ensuring site security and cage suitability (Benedict et al., 2008), criteria
for release strategies, surveillance during the trial and the post-trial removal of material and cages.
SOPs should describe the lines of responsibility and the RM strategies and options for the trial.
Monitoring the performance of containment measures, such as physical integrity of screens, the
operation of entryways and adherence to SOPs will minimize risk from unintended release.

RM should include the monitoring of GMM populations within the trial area to ensure that the
technology is having the intended effect on the target population. Periodic sampling of the GMM
population in the trial should be undertaken to determine the stability of the transgene and any
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recognizable change in the genetics of the population that may affect the impact of the technology.
Key interactions with other species in the trial, which might indicate wider environmental impacts,
should also be monitored in order to identify and characterize any unexpected harmful effects, and
identify representative “sentinel” species.

There should be sufficient monitoring for the detection of any GMMs that escape confinement and
establish unintended self-replicating populations in the wild. Control capacity that is proportional to
the risk should be maintained to ensure that escaped GMMs do not persist in the environment.
Where practical, measures may need to be taken to limit the establishment of GMMs within the
potential dispersal zones, such as controlling wild mosquitoes and limiting available larval breeding
sites. Standby control measures should take into account any behavioural attributes of GMMs that
may differ from wild mosquitoes. Monitoring and control capacity should continue after the trial is
completed for a period sufficient to ensure that there is no unintended persistence of the GMM or
manifestation of unintended effects (Benedict et al., 2008).

Plans would need to indicate how residual populations in cages would be eliminated after a trial; in
the case that the risk is determined to be negligible, this might simply involve allowing the material
to enter the decomposer food chain. However, if such residual material were identified to constitute
a hazard, more aggressive RM of residual dead material would need to be considered.

Studies to gather data for deployment RA

Because of the higher degree of influence of the environment on these trials, and the more limited
ability to control levels of exposure to some environmental stressors, a greater number of
experimental replications may be needed for sufficient statistical power compared to Phase 1
laboratory studies. Phase 2 allows evidence on GMM performance to be gathered under more
natural conditions to provide an appropriate level of RA and RM before full implementation of open-
field trials in Phase 3 (which are likely to be conducted in a location where the target disease is
endemic). However, confinement in Phase 2 trials introduces differences from the natural
environment that may affect the performance of GMMs and other organisms within the trial, so it
will be important to be clear about the most relevant information needed to make decisions about
moving forward.

Consideration should be given to whether the release of GMMs poses a risk through the persistence
of functional genetic material within the GMM species and whether the transfer of the genetic
material can occur between species. The transfer of stable genetic material from one organism to
another without reproduction is called horizontal gene transfer (HGT). The risk posed by HGT from
GM organisms is generally believed to be negligible (reviewed by Keese, 2008). No evidence of HGT
from transgenic plants to microorganisms has been detected in the field over decades of
observation and millions of hectares of planting (Keese, 2008), and occurrence of HGT from the
relatively less abundant GMMs may be expected to be even more rare. Considerations relevant to
RA for transgenic organisms, including GMMs, are whether the transgenes contain components that
could plausibly confer a selective advantage to microorganisms with which the GMMs will interact,
and whether acquisition of this trait would be harmful. RA would need to consider this on the basis
of the known function of the transgene and whether that function is preserved in microorganisms.
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Identification of clear endpoints to the Phase 2 field evaluation will require basic ecological,
entomological and epidemiological information. Ecological processes such as density dependence
and age structure affect the design of measures to mitigate risk to the wider environment,
biodiversity and human health. This assessment should be considered in Phase 2. Density
dependence is a process that leads to increased mortality, reduced development rate, and
decreased fecundity or longevity as density increases. It is an important ecological process in the
dynamics of most populations and evaluating its timing and effect in wild-type versus transgenic
mosquito populations is of potential importance to the RA of modified mosquitoes (Yakob & Bonsall,
2009). The timing of important density-dependent processes with respect to the expression of the
effector gene has substantive implications for the impact of some proposed genetic control
suppression strategies. Under both self-limiting and self-sustaining approaches, timing the
expression of the effector gene after the stage at which density-dependent effects are greatest
(such as the larval stage of Aedes aegypti (Phuc et al., 2007; Legros et al., 2009} can lead to more
effective suppression. Phase 2 trials should be structured to provide relevant information on the
ecological processes critical to the evaluation, efficacy and success of the GMMs. Age structure can
affect density dependence where different stages and ages within stages do not compete with each
other.

Additional considerations for biological information to be acquired in Phase 2 testing will relate to
the specific GMM approach under consideration. Suggestions for Phase 2 testing of mosquitoes
containing a gene drive system have been described previously (Benedict et al., 2008).

3773 Phase 3 - staged open-field releases

RA for Phase 3

The RA associated with site selection for open releases should consider the isolation of the site, the
structure and knowledge of the vector population, the disease dynamics and the implications of any
differential impacts among local communities. It should also consider the size of the open-field
release site, which will dictate the site characteristics. When selecting the site, RA could make use of
the substantial advances in technology and knowledge of geographical surveys (e.g. global
positioning systems, geographical information systems and high resolution satellite images), and
predictive models of habitat suitability. These methodological advances allow thorough analysis of
temporally and spatially referenced data relevant to both mosquito ecology (Thomson & Connor,
2000; Malcolm et al., 2009} and disease burden (Gething et al., 2010).

Choice of appropriate site size and layout {randomized block, Latin square, Cox & Reid, 2000} will
enhance both the biclogical and statistical validity of the open-field release. Cluster size and number
should be predicated on the focused aims and endpoints of the staged open release (Section 2.
Efficacy evaluation). Plans for open-field releases to assess efficacy of spread (e.g. competitiveness,
longevity, dispersal) should consider the need for well-designed and replicated experiments at a
spatial scale that limits the effects of immigration and other spatially dynamic processes. Similarly,
RA and RM for open releases designed to demonstrate suppression and replacement potential
should consider the measurable parameters (such as population density or the proportion of a
genotype in the field population) needed to demonstrate conclusively the aim of the release. If the
endpoints are focused on disease control then appropriate knowledge of the size of the human
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population, level of disease burden and ethical issues related to testing of disease interventions
(Section 4. Ethics and public engagement) should be incorporated into the RA. The evaluation of
GMM effects on the incidence of the target infection will be part of efficacy testing (Section 2.
Efficacy evaluation), but based on studies of vector capacity in phases 1 and 2, consideration should
be given to the need for monitoring other vector-borne diseases.

The spatial scale of a proposed field trial may have environmental consequences through NTO
effects within or outside the planned boundaries of the trial site. Risks associated with potential
transgenic releases should consider the spatial pattern and the scale of the entomological/ecological
risk (Getis et al., 2003). The effects of modified mosquitoes may extend to neighbouring areas if
migration between populations can occur (Yakob et al., 2008). Determining the appropriate scale for
a release strategy and the implications for adjacent non-target regions requires an appreciation of
the relationship between ecological processes such as the timing of density dependence,
demographic processes (Table 3.1) and spatial aspects (Lee et al., 2013). This can only be evaluated
realistically during field trials. Assessing the different types of release strategy for both self-limiting
and self-sustaining approaches is important, as knowledge of the connectivity between the
population within the target zone and the surrounding populations is important in preventing any
adverse increase in the entomological or epidemiological burden associated with the target
mosquito.

Unintended transboundary movement becomes a potential risk with field testing and release. This
could occur through natural dispersal or through human-assisted movement, either accidentally or
through deliberate unauthorized transfer. Natural dispersal is a slow process for most species of
mosquitoes, which normally remain within a few hundred meters over their life, unless transported
by man or strong winds (Service, 1997; Getis et al., 2003). Areas that are unsuitable for host finding
or breeding often further limit movement. Natural movement over substantial distances, including
transboundary movement, would normally take many generations, which would be a far more likely
occurrence of expanding self-sustaining populations. The proximity to borders, geographical
barriers, prevailing winds and water flows, and vehicle traffic would affect the likelihood of
transboundary movement. The presence of suitable habitats and hosts, and vulnerable ecological
and social systems across a border where GMM might move would increase the potential for
establishment and impact.

Risk management

RM in Phase 3 will be similar to Phase 2 above but will need to be expanded in scale to account for
the lack of confinement. The evaluation of surveillance data would benefit from the availability of
appropriate baselines before release (such as the level and seasonal pattern of disease burden, the
past levels of the vector population, effects of conventional vector-control methods). A recall or
control plan of sufficient scale to limit spread should be agreed upon and be available before field
release, if there is ongoing concern about risk. At a minimum, an additional risk RM measure would
be to stop GMM releases in the event that monitoring detects that an otherwise unmanageable and
unacceptable hazard has developed. In such a case, a more extensive and intensive conventional
control capacity may be required to eliminate any residual population of GMMs after release and
dispersal.

55

ED_005208A_00181440-00192



Guidance Framework for Testing of Genetically Modified Mosquitoes

There should be a procedure to monitor any degradation of efficacy in the GMM control system that
may indicate that resistance to the effector has developed. The degree of resistance, its rate of
increase and possible attendant hazards must be evaluated. Regular sampling of wild populations
should be considered as a method to detect resistance.

Management should be put in place to avoid and detect transboundary movement in case
neighbouring countries have not approved release for testing (Section 5. Regulatory frameworks).
Field testing should be carried out at some distance from borders to avoid natural wind and water
flows to other countries. Released GMMs should carry markers that ensure discrimination from wild
mosquitoes. Monitoring between a release site and a border could indicate if there is any
movement. In small trials, a treated barrier area downwind may reduce the chance of successful
movement towards a border. Staff working on field-testing sites should be trained about the risks of
moving living specimens and should observe transport protocols when moving any material. Post-
trial monitoring should take into account the numbers of GMMs released, with the aim of achieving

an appropriate level of sampling efficiency.
Studies to gather data for deployment RA

Phase 3, which is likely to involve a series of open trials of increasing size, duration and complexity,
should provide the safety data that will be factored into decisions about the broad-scale
implementation of the GMM technology. Open testing in Phase 3 will introduce opportunities to
gather data on potential hazards in the risk analysis (Table 3.2) where these data can only be
acquired under more natural conditions. It also provides an opportunity to evaluate the
performance of GMMs integrated within complementary conventional control actions. However,
considerations of environmental variability, reduced control of experimental variables, and the
impact of these on proper experimental design and statistical power are even more influential at this
stage. RA under field trials may provide information on whether the transgenic modification has any
chance to increase vectorial capacity (the efficiency of vector-borne disease transmission) or vector
competence (the capability of a vector to support the development of a pathogen) under particular
circumstances (Table 3.1). Monitoring for changes in the incidence of the target infection or disease
is addressed in Section 2. Efficacy evaluation. A failure to decrease vectorial capacity under self-
sustaining approaches may result from a decoupling of the effector gene from the drive system.
Vectorial capacity under self-limiting approaches is also associated with the quality control of
transgenic releases. For example, incomplete penetrance of the modification may influence both
vector capacity and potential disease burden. Phase 3 also may provide an opportunity to detect
whether changes in the pathogen develop that decrease the efficacy of GMMs, an effect that may
be difficult to determine in short-term trials.

Understanding endpoints and intended consequences of GMMs necessitates understanding the
relevant aspects of mosquito biology and ecology. Basic ecological knowledge of mosquito vectors in
receiving environments must be available to evaluate the benefits of transgenic mosquito releases
and should be part of the overall research plan. For example, while population genetic studies on
mosquitoes are common (Touré et al., 1994}, at the time of writing, there have been practically no
ecological studies of the effects of seasonality in West Africa on An. gambiae in relation to the forms
that are present and how they are distributed in space; basic information such as whether An.
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gambige is resident in or repopulates disease-endemic areas remains unclear. The ecological
difference between intrinsic population growth and immigration is substantial and requires
assessment in order to validate risk estimates, define RM and determine appropriate endpoints.
While extensive information on direct and indirect interactions through purpose-designed
experiments would be desirable in any ecological field study (Bender, Case & Gilpin, 1984), key
information for the RA of undertaking transgenic releases under open-field conditions should be
proportionate and focused, requiring the development of sampling programmes (Silver, 2008). The
impacts on human health and the wider receiving environment cannot be evaluated appropriately
without this assessment.

Assessment of wild-type mosquito population size and dynamics is essential for both self-limiting
and self-sustaining approaches. Mark-release-recapture measurements of wild-type mosquitoes can
provide a baseline for assessing the necessary release ratio and the risks associated with releasing
large numbers of transgenic mosquitoes. Assessment of population size, age structure and/or sex
ratio post release should take into account sufficient time for a new equilibrium to be established.
The fitness of a population should be assessed to determine if there is a risk of population increase
in the longer term.

At the end of Phase 3, the GMM stands on the verge of routine use as a public health intervention.
Sufficient data should have been collected to understand the effects of the GMM on disease
transmission, ecological interactions and the spatial characteristics of dispersal and transgene
persistence. This will have involved extensive post-release monitoring of wild populations for the
transgene, widespread assays of the GMM for phenotypic and marker stability, and an assessment
of the performance of the RA and RM strategies. These considerations will compose an important
part of any decision to move forward with deployment, a decision that will necessarily also take into
account broader cost-benefit, acceptance and national public health goals.

3704 Phase 4 - post inplementation

National regulatory authorities will take the results of risk analysis at this stage into account when
making decisions about whether and how to allow large scale GMM deployment in their countries.
National public health agencies would also consider the results of risk analysis in deciding whether
to adopt GMMs as a component of their national disease-control programmes. The evaluation of
risk, in the context of implementation, should be set against the benefits of GMMs in improving
human health. Benefit-cost analyses provide the framework under which the appropriate
(economic, health) returns of a GMM release programme can be quantified. Such analyses might be
done during or after Phase 3, at a point where sufficiently reliable information about the utility of
the GMM is available to allow projections of cost and benefit.

RA for implementation

During RA for implementation, it will be important to review the cumulative RA from earlier phases
— were hazards identified fully, were risks characterized accurately and were relevant management
measures effective?
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The release of transgenic mosquitoes is expected to have effects on target organisms through either
the suppression or replacement of local mosquito populations. Failure of intended effects may pose
a risk, particularly to human health if the GMM vector control system fails after a release
programme is well advanced. By the time a GMM approach is contemplated for implementation,
substantial efficacy and biosafety performance data will be available. However, a remaining
uncertainty may be related to long-term performance. The potential for evolution and adaptive
processes could, for example, encompass the evolution within the target mosquito population of
resistance to the transgene function, the evolution of the disease pathogen to resist transgene
function or changes in host range of the target mosquito species. RA for Phase 4 must take into
account whether any specific surveillance plans need to be put in place for ongoing monitoring of
GMM effects. In this regard, plans for ongoing monitoring of GMM efficacy in Phase 4, which is
relevant to safety for human health, have been discussed in Section 2. Efficacy evaluation.

RA should include predicting the likely manifestation of any potential resistance (Alphey, Bonsall &
Alphey, 2011). This will be highly dependent upon the particular GMM technology under
assessment. For example, while a small number of selectively advantageous genes released into an
environment might not be expected to persist due to chance (Fisher, 1922; Kimura, 1962), RA for
self-limiting approaches should consider whether the mass release under Phase 4 might introduce a
selection pressure into an environment that could drive the evolution of novel biochemical or
behavioural resistance to the GMM effect. Mutations that confer resistance to insecticides are well
known, and it has been demonstrated that mutations favouring resistance can be present in
populations before the start of a control intervention programme (ffrench-Constant, 2007). It should
be noted that, in many locations, the risk posed by the development of resistance to GMMs might
be evaluated in the context of the known risk of insecticide resistance.

Although the possible secondary effects of GMMs may theoretically be extremely broad, RA and RM
need to be science-based, proportionate and directed at specific hazards. In particular, the effects
on the phenotypic, behavioural and population-level characteristics of the modified mosquito
(tables 3.1 and 3.2) on the target population should be reassessed within the scope of risks
associated with full public health implementations. The RA for Phase 4 also should identify GMM
characteristics that might change as a result of mass production and impair the effect of the GMMs,
including selection for altered development rates, size and marker expression. Consideration should
be given to the quality control standards for GMM characteristics and procedures (for example, in
rearing mosquitoes for release programmes, determining sex ratios for release, etc.) to ensure that
processes remain relevant to the RA assumptions throughout the release programme.

Extending the assessment of the effects of the transgenic mosquito on NTO should be considered in
preparation for implementation. GMM releases could lead to altered ecosystem functions through
trophic effects, such as the role of mosquito larvae as food for predators. Under releases of GMMs
aimed at population suppression, alterations (reduction) in target population sizes are expected and,
hence, potential alterations in species interaction strengths would be anticipated. In contrast,
population sizes might not necessarily be altered under population replacement strategies although
the transgenic modification might affect mosquito behaviour or phenotype.
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As noted under Phase 3, the likelihood and potential impact of unintended transboundary
movement should be assessed. In cases where there is reasonable potential for transboundary
movement through either natural or human-assisted mechanisms, it would be appropriate to seek
the views of authorities in neighbouring countries on hazards to include in the RA.

Several potential risks with regard to human health should be considered in RA for Phase 4. The
release of transgenic mosquitoes may lead to a concern that existing control measures may be
reduced, either as people become more lax about personal and household mosquito control efforts
or as governments look for cost savings. The implications of a potential reduction in conventional
vector control to mosquito population dynamics, human health and to the wider receiving
environment require appropriate RA and RM.

The possibility of resurgence of disease when immunologically naive human populations are
exposed to disease after a prolonged period of low incidence is a concern that should be assessed in
post-implementation monitoring. This is not unique to GMMs. For example, concerns were initially
raised about the possibility that insecticide-treated bed nets (ITNs) might increase mortality in older
children through delayed acquisition of immunity to malaria. Empirical evidence from a community-
randomized controlled ITN ftrial in malaria holoendemic western Kenya found no evidence of
compromises in human immunity to blood-stage antigens in young children after two years of ITN
use {Kariuki et al., 2003) and no evidence of increased all-cause mortality in older children six years
after ITNs were provided to children (Lindblade et al., 2004). However, observations of increased
susceptibility in older children and adults following long-term use of ITNs have once again raised this
guestion (Trape et al., 2011).

Risk management

RA will determine the need for RM, and, as mentioned above, it may be determined that RM will
require tracking of metrics that would trigger a mitigation plan. Post-implementation surveillance
may be considered to address remaining uncertainties identified in the RA or to confirm that the
conclusions of the earlier RA were accurate once large-scale and long-term open release had taken
place. Thus, monitoring and surveillance activities may comprise a key component of the RM plan in
Phase 4. By this phase, necessary monitoring methods will need to be easily scaled up and applicable
in the field.

data from prior RAs), the duration of the surveillance, the geographical limits to surveillance and the

methods by which to measure the effects. Plans should incorporate appropriately designed
surveillance procedures to allow effective risk mitigation decisions to be taken when needed, but
must take into consideration whether and when it will become impractical to maintain active
surveillance as the GMM become ubiquitous under self-sustaining approaches. The RA should
establish and delimit appropriate time intervals when the impact and continued safety of the GMM
technologies should be reviewed. The post-implementation surveillance method and risk mitigation
measures should also be reviewed at appropriate intervals as population levels change.

Mitigation strategies will depend on specific conditions, but might include options such as halting
releases in the case of self-limiting GMMs, maintaining public access to conventional disease and
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vector- control methods, or designing stopping or recall mechanisms into the technology, such as
greater insecticide susceptibility than present in local mosquitoes. The appropriate regulatory
structures, mechanisms and methods need to be in place as an integral part of the RA to ensure that
clear lines of responsibility are delineated on post-implementation surveillance and risk mitigation,
should these be required.

If indicated by RA, implementation programmes should plan for the potential of adaptive processes
in the GMM or target population, and management plans should describe the conditions under
which mitigation will be undertaken. Quality control in rearing facilities should continually check for
any signs of the failure of mechanisms integral to the efficacy of the GMMs or factors that could
make control more difficult. RM should include any additional case-specific surveillance methods to
monitor transgene activity within the GMMs that were identified by RA as necessary to the decision
process for risk mitigation.

RM plans should draw on the results of the RA to determine the need for and design of monitoring
to observe the key environmental impacts identified by the CBD (2012):

effects on biological diversity

¢ vertical gene transfer

¢ horizontal gene transfer

¢ persistence of the transgene in the ecosystem

¢ evolutionary responses (especially in target mosquito vectors or pathogens)
* unintentional transboundary movement.

However, there should be a rationale in each of these cases whereby monitoring focuses on valid
concerns arising from the RA. A plan for case-specific post-implementation surveillance of GMMs
should take into consideration any key species for which there is evidence of harmful interactions in
order to assess the impact, risks and benefits once a GMM-based control programme is underway.
Key species may include those in the main food web interactions and any endangered species listed
in national regulations. General surveillance approaches are unlikely to be effective or informative in
determining the need for risk mitigation.

In the case of GMMSs, the public health implications impose an additional obligation to ensure that
the transgenic technology remains efficacious and poses no additional risks, so health monitoring of
human populations in the release area should be carried out to ensure the expected levels of
efficacy have been achieved. It is anticipated that an appropriate disease surveillance programme
could be provided in the context of ongoing national disease control programmes (Section 2. Efficacy
evaluation). RM may require that certain conventional disease control practices continue and it may
be necessary to integrate the GMM technology into these conventional strategies.

The release of GMMs provides different, but not entirely novel, issues to those for GM plants.
Arguably, the most important biological difference is the possibility for autonomous dispersal.
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However, appropriate biosafety assessment (Table 3.1) will provide the fundamental information for
appropriate RM options. Precedents dealing with biological control and conservation of biodiversity
provide additional relevant insights into how the potential for transboundary movement may be
managed (Section 5: Regulatory frameworks). Further, there are analogies with biosafety
management associated with the release and use of vaccines based on GM viruses or bacteria,
where individuals are inoculated with a vaccine and disperse into the wider receiving environment.
Establishing the broader environmental risks of GM vaccine shedding rates is of particular relevance.
The equivalent for GMMs would be the assessment of dispersal and replication rates (Table 3.1} in
the wider environment following an open release (Table 3.2).

The mass rearing and release of transgenic mosquitoes may have consequences (and associated
risks) related to cross-border movements and spread. RA of open release trials and post-release
implementation of GMMs must consider surveillance to establish the likelihood and consequences
of mosquitoes spreading across international borders. This could have ecological consequences, but
since most management activities would be national responsibilities, it would be important to
consider how neighbouring national authorities would plan and carry out RM actions, including the
appropriate surveillance that might be needed. The movement of transgenic material across
hational/international borders is governed by well established RA and RM procedures, (under the
Cartagena Protocol on Biodiversity}. Parties bound by the Cartagena Protocol (and its instruments)
are expected to carry out the movement of transgenic material {(to both Parties and Non-Parties to
the Protocol) in accordance with the objectives of the Protocol (Section 5. Regulatory frameworks)
and other regional agreements, such as the RSPM 27 of the North American Plant Organization
(NAPPO, 2007).

3.8 Consider the need for independent salety review

The establishment of independent safety review groups or the formulation of GMM biosafety
regulations for consideration by existing review groups (local bodies such as Institutional Biosafety
Committees,”® national scientific, environmental and public health advisory bodies, and regional or
supranational agencies) is recommended. Such groups can provide oversight of the RA and RM
within each phase of testing and provide independent scientific advice on the risks of GMMs to
human health and the environment.

3.9 Blosalety capacity

The successful implementation of GMM interventions requires transparent, focused, proportionate
and credible biosafety assessments. National safety review groups, capable of providing appropriate
independent guidance and overseeing all facets of testing and implementation, will be important for
biosafety assessments of GMMs and for decisions on appropriate levels of RM. National-level
biosafety boards should draw on available expertise across a wide range of scientific, environmental

% NIH Office of Biotechnology Activities Institutional Biosafety Committees:
http://oba.od.nih.gov/rdna_ibc/ibe.html, accessed 25 May 2014.

61

ED_005208A_00181440-00198



Guidance Framework for Testing of Genetically Modified Mosquitoes

and economic disciplines, for example, as provided in the CTNBio in Brazil*® or CIBIOGEM®® in Mexico
(Ramsey et al., 2014}, to assess the risks of GMM technologies. Stakeholder groups affected by
releases provide the key to community values and concerns relevant to potential releases of GMM
and they should have a consistent and strong voice within both biosafety and benefit analyses
associated with the testing and implementation of GMMs.

The decision-making bodies approving biosafety testing should have the capacity to formulate the
risk problem, to define appropriate endpoints for risk, to interpret the character of the component
sources of risks, to interpret the quantification of risk components, and to understand the efficacy
and uncertainty related to proposed RM measures. Where this capacity is not available at a national
level, efforts should be made to obtain independent international expertise, and to strengthen the
necessary national expertise in the longer term.

340 Conclusions

The assessment of the safety of GMMs for human health and the environment should follow a
phased approach moving from laboratory and cage experiments through to open-field releases. RA
and RM at each stage should provide sufficient information to determine whether a decision can be
justified to allow trials to move on to the next stage. This ensures a workable and defined protocol
to follow in the development of appropriate decisions for each further testing stage. National
regulations governing biosafety, RA and RM must always be followed. Broader international
guidelines may suggest some additional aspects of risk analysis that could also be useful, and
international obligations on biosafety may also apply in many countries {Section 5. Regulatory
frameworks). The decision to move forward with further testing will involve the appropriate
oversight and regulatory bodies at each phase.

Not all the considerations described above will be universally relevant to all types of GMMs. It is
important to emphasize that RAs should proceed on a case-by-case basis and be proportionate to
the particular phase of testing. Defining the potential extent of harm that could be caused to the
environment or human health by GMMs, identifying the risk level (hazard by exposure} and
developing risk mitigation plans provide the framework in which to undertake the RA. RA of novel
GMM technologies should be set against the risk of a relevant alternative comparator. The range of
comparators for GMMs at the various testing phases should reflect the range of dimensions of
mosquitoes individually, and in populations and control systems, which may give rise to risk
concerns at each phase. Comprehensive evaluation of GMM implementation, following trials
focusing on safety, should be considered in a broader benefit-risk analysis, and the RA and RM plans
form only one component of this broader analysis. Ultimately, decisions must be made on the
acceptability of the overall risk, taking account of available and practical RM actions.

*° Brasil. Presidéncia de la Republica Lei No. 11.105, de 24 de Margo de 2005:
http://www.planalto.gov.br/ccivil 03/ Ato2004-2006/2005/Lei/L11105.htm, accessed 25 May 2014.
* Comisién Intersecretarial de Bioseguridad de los Organismos Genéticamente Modificados (CIBIOGEM):

http://www.conacyt.gob.mx/cibiogem/index.php/cibiogem, accessed 25 May 2014.
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Table 3.1 Example parameters that may be relevant in laboratory studies {phases 1 and 2} as part of the RA

for transgenic mosquitoes®

Parameters

Female fecundity
Oviposition rate

Egg development
rate

Larval development
rate

Pupal development
rate

Examplgmhazards

Increased vector
abundance

Increased growth potential;
reduced predation

Assessmer;t methods

Cohort experiment. life
table analysis

Cohort experiment; life
table analysis

Assessment endpoints

Is it limited by population density
and/or individual physiology? s
there a significance difference?

Is there a significance difference?

Adult emergence

Increased vector
abundance

Cohort experiment; life
table analysis

Does the timing of adult emergence
differ significantly?

Adult size

Increased vector fitness

Cohort experiment; life
table analysis;

Is adult size significantly different?

Adult survival

Mating strategy

Increased vector activity;
more effective mating
potential; increased biting
efficiency for females

Increased vector
abiindanice: sépdration of
GM and wild types

Increased female
abundance: increased

Cohort experiment; life

table analysis; population

level modelling

Cohort experiment

Cohort experiment: life

Is it density-dependent? Is it
significantly enhanced/diminished
by the modification?

Is there assortative mating? Are
there costs to male/female
gametes? Does the modification
affecting mating competitiveness?

Is the sex ratio substantial different

nKfalio biting gotential if more table analysis from the null expectation?
females
Increased vector activity:
Flight ability more effective mating Cohort experiment: Is flight duration or distance
potential: increased biting physiclogical experiment significantly different?
efficiency for females
Biting rate Increased disease Cohort experiment; Does the feeding rate differ
transmission physiological experiment significantly?
Vector Increased disease Cohort experiment; Is the capacity to harbor pathogens
capacity transmission physiological experiment; | significantly enhanced/diminished?

Insecticide
resistance

Increased vector
abundance

Standard insecticide dose

response testing
procedures

Is it expected to alter the
competitive status of transgenic
lines significantly? Does it make
transgenic lines significantly less

amenable to conventional control?

* The RA should focus on the hazards {changes that may lead to harm as a result of the genetic modification), the
{experimental) methods to measure this and the exposure assessment. References to ‘differences’ mean differences
between the transgenic strain being tested and the appropriate comparator.
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Table 3.2 Example parameters that may be relevant in open-field studies as part of the RA of transgenic

. a
mosquitoes

Parameters

Population size

Example hazards

Increased vector
abundance;
ecosystem disruption

Assessme:ﬁ methods

Field population
monitoring; population
level modelling

Assessment endpoints
What is the impact of the
release? Relationship
between release rate, timing,
method and outcome?

Density dependence

Increased vector
abundance;
ecosystem disruption

Comparator studies at
range of densities in
laboratory; field population
monitoring; population-
level modelling

Does the transgenic strain
differ significantly in the role
of this ecological process?

Spatial distribution

Vector capacity

Behavioural
resistance

Increased vector
abundance;
ecosystem disruption

Increased
transmission per bite:
increased biting rate

Change in behaviour
that avoids, or
reduces efficacy of,
conventional
management

Field population
monitoring; population-
level modelling; life-table
experiments
Comparator studies: post:
release monitoring

Comparator studies;
cohort studies on
behavioural changes in
different life stages; post-
release surveillance;
population-level modelling

Limits to the spread of the
transgenic organism? Rate of
spread of the transgenic
insect, under a range of
conditions?

Is the cabacity to harbout and
transmit pathogens
increased?

Under field conditions, what
limits the appearance and
spread of resistance due to
mosquito behaviours? Is there
potential for assortative
mating in the field?

Biochemical
resistance

Mass rearing quality
indices

Change in physiology
that avoids, or
reduces efficacy of,
conventional
management

Quality of released
insects js different
from planned
affacting negative
olutcomes

Comparator studies;
cohort studies on
physiological changes in
different life stages; post-
release surveillance;
population-level modelling
Cohort experiments;
comparator studies before
release: operational design
and audit; bre-release
monitoring: postirelease
monitoring

Is the likelihood or rate of
resistance development
enhanced in transgenic

mosquito strains?

Do specific aspects of
released mosquito guality
affect mosguito densities,
pathogen transmission and

transgene stability?

? RA should build on evidence regarding potential hazards obtained during Phase 1 and Phase 2 trials, the methods to
measure these hazards and exposure assessments. Comparator studies aim to compare the GM mosquito with a
conventional (non-modified) counterpart.
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4. Ethics and public engagement

Summary: Respect for communities should be an overarching ethical goal in GMM trials. Individuals who
satisfy the criteria of “human subjects” must be protected according to internationally recognized
standards {Section 5. Regulatory frameworks). GMM research also should recognize ethical responsibilities
that extend beyond these standard compliance criteria. Public dialogue and outreach are important for
realizing research goals, especially in the development of new technologies. Sincere and well-developed
engagement can help to direct technical goals, reduce the chance of a misunderstanding of the science
needed to meet the goals, and improve the performance of the research project in both technical and
social contexts.

Researchers will interact in the course of field testing with different public groups, ranging from those
living within the trial site and directly affected by the conduct of the project o third parties interested in
the research activities. GMM projects will have ethical responsibilities to people living within a trial site,
even when these people are not, in a traditional sense, subjects of the research at hand. Researchers
should initiate ethics and engagement efforts during phases 1 and 2, in order to ensure that the goals and
methods of the project are well defined and communicated and meet genuine stakeholder needs,
Internationally accepted standards for the participation of human subjects in research may apply under
certain conditions in small trials with entomological endpoints in Phase 2, but will become more prominent
in Phase 3 trials with epidemiological endpoints. Beginning in Phase 2 and expanding in Phase 3,
community engagement activities are intended to address ethical responsibilities beyond the formal
permissions required at the individual level {informed consent) and the governmental level (regulatory
compliance). The concept of “community authorization” entails providing those living in the trial site with
methods to give or withhold agreement for trial activities, and to identify elements that they bhelieve to be
important for the research to continue. During field testing, scientists also should expect to interact with
third parties who express interest in the activity and its outcomes, both to ensure that the project is well
understood and to avail the project team of information and insights that such interested parties might
provide, However, given the diverse range and varied degrees of interest of third parties, there is not the
same level of obligation to seek them out proactively to ensure that they are informed about the project,
as is the case with those directly affected. In Phase 4, the responsibilities for implementing GMM
technologies and interacting with affected individuals will most likely shift to the relevant local, regional or
national public health authorities.

There are aspects of ethics and engagement that may require special skills and training which biologists,
medical personnel or public health specialists would not normally be expected to have, Engagement with
people living within the field sites may require specialized knowledge of local culture and institutions. In
addition, engagement with third parties may require broader communications and negotiation skills.
Adeguate time and resources must be allocated within the project plan to support these activities.

The success of scientific and public health endeavours can depend upon good will, cooperation and
support from diverse sectors of the observing public. Compliance with regulatory requirements that
govern the conduct of research, including those concerning human subjects (Section 5. Regulatory
frameworks), is mandatory. However, there is ample evidence that simply conforming to regulations
and institutional policies does not always satisfy public expectations and researchers’ obligations.
Beyond the context of regulatory review, the word “ethics” calls attention to concepts of right and
wrong, and can imply a standard higher and more rigorous than that of civil authority. Regulations,
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laws and organizational policies dictate standards and procedures with which individuals and
organizations must either comply or face sanctions that can range from warnings or admonishments
to the withdrawal of funding, fines, withdrawal of permission to operate or even prison. In contrast
to regulatory emphasis on compulsion and compliance, ethics can be understood as activity or
inquiry whose purpose is to shed light on the correctness or justifiability of some conduct. In the
context of GMM trials, ethics aims to understand the interests of stakeholders and their various
entitlements, rights, other types of claims and obligations, including what actions or activities are
required by the principle of respect for communities hosting the trials. Relevant ethical questions
include: How should these rights and interests be recognized in a decision for trials to proceed? How
can researchers strike an ethically robust balance between the interests and rights of individuals, the
collective interests of the host communities and the properly mandated activities of their public
institutions? What is the appropriate role for communication and engagement with media, civil
society organizations (CSOs) and others that take an interest in the research?

It is not always easy to maintain a clear distinction between the activities of ethical reflection and
engagement and those related to regulatory compliance, which have come to dominate the ethics of
research with human subjects (Hagerty, 2004; Rollin, 2008). The major global agencies that fund
GMM trials require compliance with international standards for research conduct, including
submission of protocols for the use of human subjects, as well as biosafety and the use of animals,
to appropriate regulatory oversight committees, usually as a requirement of their own domestic
laws and regulations (Section 5. Regulatory frameworks). This may cause confusion, since it is
common practice to refer to these obligatory requirements as “ethics” requirements and to various
regulatory compliance bodies as “ethics” committees or boards. However, researchers should not
assume that regulatory compliance also implies that ethical responsibilities have been adequately
addressed. Broader ethical issues and responsibilities are expected to arise in the context of GMM

trials that are not specifically mandated by administrative law or organizational policies.

4.1 The role of ethics and engagement in sclence and technology

Scientists have long appreciated the importance of public dialogue and outreach to realize the
envisioned results of their research. However, events and developments over the last three decades
have led to a renewed interest into ways and means of interacting with scientists and a number of
distinct public groups with different attitudes and interests as regards to scientific work. Some of
these events have cast science and technology in a heroic light, while others portrayed people in
scientific and technical walks of life as lacking in moral sensibility or fellow feeling. Others simply
testify to the way that developments in science and technology can grip public attention,
occasionally sparking reactions and consequences that the scientists involved never imagined.

The social phenomenon of public reaction to scientific developments has been the subject of
numerous historical, philosophical and sociological studies. Ulrich Beck has argued that general
public literacy in scientific matters has created a more sophisticated understanding of how advances
in the sciences are accompanied by both benefits and risks (Beck, 1992). As a result, citizens have
become more aware of scientific or technical breakthroughs as potentially controversial. This
awareness has been accompanied by the rise of numerous CSOs dedicated to promoting specific
causes. The result is a greater willingness for citizens to become involved in promoting those

70

ED_005208A_00181440-00207



Guidance Framework for Testing of Genetically Modified Mosquitoes

scientific activities that they see as consistent with their values or opposing technologies that they
perceive to be against their values. Public resistance to certain agricultural and food applications of
biotechnology, and to some specific applications of nanotechnologies, is seen as exemplary of this
new awareness (Mcnaghten, Kearnes & Wynn, 2008). At the same time, scientists themselves have
become cognizant of new ways that involving non-scientists in their work can be beneficial.
Exceedingly complex problems may require planned activities that engage non-scientists in
collaborative or problem-solving roles, rather than considering them solely as subjects. This has led
many to envision a new era of science in which many people can become enrolled in cooperative
projects as “co-producers” of new knowledge (Haraway, 1989; Wexler, 2004}.

Scientists undertaking work on the cutting edge of discovery or technological capability have both
“positive” and “negative” motivations for paying attention to the reaction and receptiveness of the
broader public. On the positive side, engagement with people not generally considered to be part of
the research community can both enrich the research process, and provide access to information
and perspectives that would otherwise have been unavailable to people within the research group.
It can also be instrumental in achieving the broader impacts that researchers seek. On the negative
side, research that comes under public scrutiny can become the target of organized opposition that
has the potential to frustrate not only the application of the science, but even the research process
itself. It will not be possible to avoid such opposition in every case. Sometimes opponents of science
and technology are simply pursuing interests that are genuinely contrary to the advancement of a
given technical project. Sincere and well-developed engagement that acknowledges and
demonstrates respect for these perspectives may reduce the chance that opposition is based on a
misunderstanding of the science or of its technical goals. In a more positive spirit, it can demonstrate
respect for the communities involved in testing the new technologies and may sometimes result in
changes or modifications to a research project that researchers view as beneficial.

It is especially important for scientists conducting studies likely to attract significant coverage from
the media to consider how their work might be beneficially or detrimentally affected by rapid and
broad engagement and interaction with members of the public who have no training in their
disciplines or methods. Stories may be disseminated either through traditional media such as
newspapers, television and radio, or through new outlets on the Internet and social media. Ordinary
word of mouth can also effectively spread a widely shared impression of research goals, intended
applications and methods, especially within village or urban settings. Such broad representations of
science can have the beneficial effect of expanding opportunities to obtain key informants,
participants and partners. However, they also can spread misrepresentations, suspicion, distrust and
antagonism to a scientific research project.

4.2 A strategy for ethical engagement

Respect for communities should be an overarching ethical goal in GMM trials. Although there is no
consensus among research ethicists about what this requires in practice, the activities of community
or public engagement may best be understood as opportunities for demonstrating respect for the
communities in question. A broad strategy for helping research teams to meet ethical
responsibilities, and conduct public and community engagement activities will involve ethical
reflection, interaction with the host community and a wide range of other interested parties, and
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iterative integration of findings from these activities into the ongoing planning and conduct of
research. The strategy presented here should be interpreted as a description of processes and
goals, rather than as a prescriptive formula. As noted by others, when “research ethics” becomes an
activity of ticking boxes for compliance, or slavish adherence to rules, rather than one of thoughtful
consideration, the real goals of ethical respect and responsiveness may well be lost (Hagerty, 2004;
Rollin, 2008).

The ethics and engagement component of a research programme can be visualized at three levels
(Figure 4.1).

* At the project level, there are reflective tasks concerning the broader social and ethical issues
raised by GMM trials that shape specific management goals and elucidate important learning
and evaluation opportunities for the research. Such tasks are by no means uniqgue to research
on GMMs; an explicit recognition and articulation of the ethical purposes of a scientific project
is especially useful when the research is likely to attract public interest and scrutiny, as is often
the case with a new technology.

Scientists involved in projects moving to field trials should plan to devote time and resources
to critical deliberative team activities dedicated to reaching and describing a common
understanding of the ethical purpose and rationale of the research as an iterative component
of the project plan. Over the course of the research, this task may include interactions with
advisory committees and consultants, as well as other scientists whose opinions, views and
reflections are sought on an ad hoc basis. As the project identifies candidate field trial sites,
these reflective activities should be expanded to include critical deliberations with
representatives from the host communities where the research may take place, and may
include people from other interested groups in an advisory or consulting capacity. The results
of these considerations will form a basis for project communications materials, which should
be tailored to respond to the interests and concerns of key stakeholder groups.

Developing a set of criteria for identifying and discriminating between those who are affected
by the research activities through specific interventions or interactions, other members of
host communities who have a stake in the trial, and those who may have legitimate but more
distant interests at stake, and determining how to respond to ethical obligations in each case,
will be a component of the broader ethical reflection needed by the project.

e The researchers need to anticipate a set of tasks that arise from interactions and effects at the
site(s) where field studies are conducted. Conducting research in host communities brings
scientists into direct contact with a number of people, including, but not limited to, those who
are research subjects or whose cooperation is necessary for successful completion of research
tasks. Within the biomedical research model, individuals who are the subjects of specific
interventions or interactions, or from whom identifiable information, specimens or materials
are collected are classified as “human research subjects” (see discussion below and in Section
5. Regulatory frameworks). However, within GMM trials, it is likely that there will be
additional individuals who do not fall within the typical definition of human subjects but who
might still be affected by the conduct of the research. This may include those living near a
research project whose daily pursuits and/or livelihood could be influenced by research
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activities. Thus, tasks at the community level overlap with, but are distinct from, regulatory
requirements for securing appropriate informed consent and other relevant protections, and
may also include involving and empowering local populations in key elements of research
planning and implementation as well as addressing both real and perceived issues that may
arise in connection with the project, including broader sociceconomic impact. These tasks
may be thought of, collectively, as “community engagement”.

The distinction between people who are affected directly by research and others who are
more indirectly interested in its conduct may be operationalized in the way that the relevant
ethical obligations are understood. For example, when research involves risks associated with
organisms or substances released into the environment, as opposed to contained within
experimental facilities, geographical proximity to the site of research becomes an important
ethical indicator. In the case of some GMM trials, defining the limits of potential effects may
be complicated by the geographical mobility of both people and mosquitoes over time. Such
considerations should have been taken into account in a RA (Section 3. Biosafety)}, which will
be helpful in guiding identification of community stakeholders.

¢ There will be tasks related to the involvement of individuals and groups who are not
immediately affected by the research, including CSOs, the press and the general public. People
living at a distance from the trial may have friends and relatives or even economic interests
that they fear could be affected by the conduct of a research project and, thus, may also
perceive themselves to be affected by it. Moreover, a much larger community of people may
take an interest in the conduct or outcome of research, even if they are unlikely to be
physically affected by the trial activities themselves. For example, people who are afflicted
with a particular disease (along with their friends and family} have an obvious interest in the
outcome of research or clinical trials, even if they are not involved with specific trials. Such
groups are likely to be strongly supportive of research intended to improve their condition. In
a similar vein, people who care about causes such as protecting vulnerable groups or
endangered species may take an interest in a wide range of research activities, and may not
be unilaterally supportive of research goals or procedures. Although the nature of
responsibilities to such individuals or groups is quite different from those to communities
hosting the trial, it is clear that an effective plan for engaging a wide spectrum of interested
parties can be critical to the success of research, especially for projects that can be expected
to attract a significant amount of attention in the press or monitoring from CSOs.

The plan for addressing engagement should include activities appropriate for each level. Each of
these activities should be understood as iterative and sustained during the entire research period, as
illustrated by the feedback arrow loops in Figure 4.1. Each group of tasks should be understood as an
ongoing component of the research activity, and the research plan should include a programmatic
discussion of how tasks in each of these three areas will be carried out by members of the research
team on an ongoing basis throughout all phases of the research activity. Researchers must also take
into account that communities and third parties may become engaged with each other independent
of the project.
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One helpful way to use the three levels of activities for planning purposes is to focus on who will
need to be involved in completing them. Activities at all three levels of engagement involve
members of the research team, and will almost certainly involve staff from the sponsoring
organizations as well. Meeting ethical responsibilities to the full range of stakeholders in the host
community requires a great deal of work “on the ground” in the local areas encompassing the
research field sites. As will be explained further below, this may not imply contact with literally every
individual in the contiguous area, but it must be understood to require appropriate attention to local
forms and mechanisms of representation for those who will be affected by the research activities.
This may involve negotiation of the environmental and developmental goals, standards, and metrics
for the research. For example, directly affected parties and international civil society groups alike
may have a desire to participate in discussions about how risks to biodiversity are measured, or how
economic benefits are understood in relation to improvements in public health. One cannot assume
that all parties will see any and all forms of economic growth or resource development as beneficial,
and investigators should not assume that local communities would always be forthcoming or
comfortable with expressing these interests. There may be some areas of overlap between the
ethics issues that arise on the ground in interacting with local stakeholders, and the ethics of
environment and development that represent concerns of third parties. Some third parties might
decide to represent the interests of local people, though the local communities may, or may not,
view such representation as legitimate. Anticipating and preparing responses for the issues that are
likely to arise in such interactions is an example of something that falls into the category of “broader
ethical concerns” to be addressed at the project level.
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Figure 4.1 Levels of engagement focus and function
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Activities at all three levels will include the following.

* Ongoing literature and methodology development. Whether it be best practices for clinical
and epidemiological research, or engaging with communities, nongovernmental organizations
{(NGOs) or the press, there now is a body of relevant literature that should be taken into
account in planning and implementation of a project of the scale required for GMM trials.
Appropriate review and application of this information will require, at the project level,
participation of team members or consultants with the necessary background and expertise.

* Task planning and implementation. Based on this literature, those responsible for the ethics
and engagement activities will undertake the planning and implementation of project
procedures. This may involve staff training, consultations, development of information about
the project (including language and culturally appropriate information for use in interacting
with residents at field sites), surveys, educational activities, workshops, negotiations, etc.

* Documentation and reporting. Record-keeping requirements are specified with respect to
research involving human subjects. However, it must be stressed that other ethics and
engagement activities conducted under the project also should be documented to allow for
later reporting, and mechanisms should be developed to accomplish this. Records of ethical
deliberations as well as stakeholder interactions and agreements could prove important in the
case that challenges to the project arise. Reporting in the form of peer-revi